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Abstract 
 
The impact of reservoir heterogeneity, for instance high permeability channels, can be detrimental to the recovery of oil in 
waterflood reservoirs. Failure to capture the details of such heterogeneity in the simulation models can result in erroneous 
predictions of recovery factors. On the other hand, the building of reservoir models can become inefficient and tedious if too 
much time and attention are devoted to defining the heterogeneity. Therefore, rules of thumb pertaining to heterogeneity are 
often established to help strike a balance between simplicity versus complexity in constructing the reservoir models. 
This paper encapsulates the investigations performed for three types of lens models. The lens models are simple and 
idealised representations of heterogeneity in deep water turbidite reservoirs and sandstone reservoirs deposited in river 
channels. The study, which focused on 2D models, attempted to identify trends relating sweep efficiency at water 
breakthrough with three key parameters. These parameters were permeability contrast, lens aspect ratio and flood front 
mobility ratio. The relationships developed from this study could serve as screening criteria in deciding the level of detail 
needed for building actual reservoir models.   
Sweep efficiencies from the single lens models exhibited three prominent production behaviours: homogeneous, 
intermediate and heterogeneous. While the heterogeneous group was more strongly affected by permeability contrast, the 
homogeneous group was dependent on greater interaction among the three key parameters. A dimensionless parameter, F, 
was successfully identified, which incorporated the effects of permeability contrast, lens aspect ratio and flood front mobility 
ratio.  
The dual lens models demonstrated that only the orientation of the lenses (series, parallel, offset) impacted sweep 
efficiency. The separation between the lenses did not affect production performance. Results from the parallel system 
exhibited the highest sweep efficiency, while the series system recorded the poorest results.    
For the multiple overlapping lens models, a direct relationship between net-to-gross (NTG) and sweep efficiency was 
observed when the models were simulated at NTG values away from the percolation threshold of 67%. A direct relationship 
between NTG and sweep efficiency was still observed when the NTG=67% models were simulated with permeability contrast 
below 10,000. For permeability contrast exceeding 10,000, the sweep efficiency at NTG=67% was poorer than at NTG=60%.  
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Abstract 
The impact of reservoir heterogeneity, for instance high permeability channels, can be detrimental to the recovery of oil in 
waterflood reservoirs. Failure to capture the details of such heterogeneity in the simulation models can result in erroneous 
predictions of recovery factors. On the other hand, the building of reservoir models can become inefficient and tedious if too 
much time and attention are devoted to defining the heterogeneity. Therefore, rules of thumb pertaining to heterogeneity are 
often established to help strike a balance between simplicity versus complexity in constructing the reservoir models. 
This paper encapsulates the investigations performed for three types of lens models. The lens models are simple and 
idealised representations of heterogeneity in deep water turbidite reservoirs and sandstone reservoirs deposited in river 
channels. The study, which focused on 2D models, attempted to identify trends relating sweep efficiency at water 
breakthrough with three key parameters. These parameters were permeability contrast, lens aspect ratio and flood front 
mobility ratio. The relationships developed from this study could serve as screening criteria in deciding the level of detail 
needed for building actual reservoir models.   
Sweep efficiencies from the single lens models exhibited three prominent production behaviours: homogeneous, 
intermediate and heterogeneous. While the heterogeneous group was more strongly affected by permeability contrast, the 
homogeneous group was dependent on greater interaction among the three key parameters. A dimensionless parameter, F, 
was successfully identified, which incorporated the effects of permeability contrast, lens aspect ratio and flood front mobility 
ratio.  
The dual lens models demonstrated that only the orientation of the lenses (series, parallel, offset) impacted sweep 
efficiency. The separation between the lenses did not affect production performance. Results from the parallel system 
exhibited the highest sweep efficiency, while the series system recorded the poorest results.    
For the multiple overlapping lens models, a direct relationship between net-to-gross (NTG) and sweep efficiency was 
observed when the models were simulated at NTG values away from the percolation threshold of 67%. A direct relationship 
between NTG and sweep efficiency was still observed when the NTG=67% models were simulated with permeability 
contrast below 10,000. For permeability contrast exceeding 10,000, the sweep efficiency at NTG=67% was poorer than at 
NTG=60%.  
Introduction 
Heterogeneity can adversely affect oil recovery by waterflooding. For instance, the presence of baffles, barriers and 
permeability discontinuities can reduce the effectiveness of water injectors in providing sufficient pressure support to the 
reservoir. Without pressure support, solution gas will be liberated from the oil and this ultimately reduces the oil production. 
Another type of reservoir heterogeneity comes in the form of high permeability streaks where water injection into such 
reservoirs may also lower the oil recovery factor. However, this lower recovery factor is not attributed to the lack of pressure 
support. Instead, the high permeability streaks distort the waterflood pattern, which subsequently result in early water 
breakthrough. The recovery thus hinges on the sweep efficiency between injectors and producers, a factor that will be 
influenced by connectivity, which is dependent on reservoir architecture and net thickness (Chappell 2006). 
The lens system is used in various studies (Greenkorn et al. 1964; McKean and Dawe 1990) to examine the impact of 
heterogeneity on waterflood performance. Fig. 1 shows the different types of lens systems, which are cross sections taken 
from the XZ-plane. The XZ cross section of each lens model shown in the figure is perpendicular to the principal direction of 
the channels along the Y-axis. Many reservoirs can be found in lens type deposit systems and they include sandstone 
reservoirs deposited in river channels (Willhite 1986) and deep water turbidite sand systems (Mayall et al. 2002). In these 
reservoirs, most of the oil is found in the higher permeability channels, which are deposited within a lower permeability rock.       
Studies on heterogeneities such as the ones done for the lens system can help engineers to estimate when specific 
parameters such as sandbody dimensions and degree of permeability contrast are crucial in affecting both the water injection 
and production performance. Knowledge of the critical heterogeneities influencing each stage of recovery will provide 
important guidelines for data collection, reservoir management and strategies for field development (Jones et al. 1995).  
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Porous medium containing low permeability lenses have also been used in contaminant hydrology studies for 
groundwater and waste disposal management (Taylor et al. 2001; Guswa et al. 2000). In well interventions and completion 
engineering, lenses are used in simulation models to represent permeable layers in tight gas reservoirs to quantify the benefits 
of performing hydraulic fracturing (Kantanong et al. 2012).  
In our study of reservoir heterogeneity, two-dimensional reservoir simulation models were constructed based on the three 
types of synthetic models shown in Fig. 1. The effects of permeability contrast, aspect ratio and net-to-gross (NTG) on 
waterflood behaviour were assessed based on the simulation results. The lenses (rock type 1) were assigned with high 
permeability values (kL), while the background reservoir permeability (kB) was assigned a lower permeability value.  As 
illustrated in Fig. 1, the two-dimensional synthetic models are simple and idealised representations of the typical channel 
stacking patterns found in sandstone reservoirs deposited in river channels (Willhite 1986) and deep water turbidite sand 
systems (Mayall et al. 2002).  
 
 
Fig. 1—Comparison of synthetic lens systems and typical channel stacking 
Two of the three synthetic models in Fig. 1(Model a and Model c) have been studied to a certain extent. Studies involving 
the single lens system (Model a) in the presence of water and oil were performed in both the laboratory and simulation 
models (Greenkorn et al. 1964; McKean and Dawe 1990). Additionally, studies by Andrade et al. (2000) and King et al. 
(2001) have incorporated percolation theory to treat systems with multiple overlapping lens models (Model c). These studies 
were, however, limited to a system of overlapping lenses distributed in an impermeable background (kB=0) and did not 
consider the scenario where the background permeability was non-zero.  Similarly, no work has been performed to date to 
investigate the interaction of multiple isolated lenses (Model b).  
One of the main parameters used to compare results from the previous lens studies was recovery factor. Recovery factor 
in a two-dimensional model is a product of the areal sweep efficiency (AS) and microscopic displacement efficiency (DE). An 
illustration of the areal sweep efficiency and displacement efficiency is shown in Fig. 2. 
 
 
Fig. 2— Illustration of microscopic displacement efficiency versus areal sweep efficiency (Carlisle and Murrell 2011) 
Microscopic displacement efficiency is defined as the volume of hydrocarbons displaced from individual pores or small 
groups of pores divided by the volume of hydrocarbons in the same pores just prior to displacement (Lyons 2010). At the 
microscopic scale, the water-oil relative permeability is by far the most important factor (Cosentino 2001; Lyons 2010). The 
fractional flow analysis introduced by Buckley and Leverett (1941) was used to analyse the interaction of displacement 
efficiency, relative permeability, fluid viscosities and fluid saturation. Fractional flow was used in our study to look at the 
impact of varying oil viscosity on the displacement efficiency and ultimately, recovery factor. 
Areal sweep efficiency is the fraction of the pattern area that is swept by the injected water and is affected by the flooding 
pattern type, mobility ratio and reservoir heterogeneity (Thakur and Satter 1998). Extensive studies were conducted by 
*Modified from Willhite (1986); Mayall
et al. (2002)
Typical Channel Stacking*
Found in:
1. sandstone reservoirs deposited in river channels
2. deep water turbidites
Isolated Stacking
Lateral Stacking
Model b:
Dual Lens
(Multiple Isolated 
Lenses)
Model a:
Single Lens
Model c:
Multiple 
Overlapping 
Lens
2D Synthetic Models
Isolated
Legend:
Rock type 1 
Rock type 1
Rock type 2
Z-axis
Rock type 1: high permeability
Rock type 2: low permeability
Y-axis 
(Principal direction of channels)
X-axis
When does Heterogeneity Matter in Waterflooding?  3 
 
Aronofsky (1952), Dyes et. al (1954) and Craig et al. (1955) to study the effects of different mobility ratios on waterflooding 
patterns and production performance. For instance, numerical analysis performed by Aronofsky (1952) indicated that areal 
sweep efficiency could vary as much as 25% for a direct line drive waterflood in a homogeneous reservoir when the end-
point mobility ratio was increased from 0.1 to 10.  Most recently in 2008, Kumar et al. performed reservoir simulation studies 
on water injection and the combined effects of mobility ratio and heterogeneity. Kumar et al. (2008) noted that the impact of 
reservoir heterogeneity on recovery factor became more apparent as the mobility ratio was increased.  
Indubitably, although detailed studies have been done on permeability contrast and mobility ratio, these have mainly 
considered one or the other of these factors. Less work has been done to date to amalgamate the effects of permeability 
contrast and mobility ratio on waterflooding. As such, there is still a lack of information as to which geological 
heterogeneities matter most when building a simulation model comprising of different reservoir fluids. This is where 
correlations developed from extensive studies can substitute for the absence of actual reservoir data, particularly in newly 
explored areas. Though not as precise as the actual measured data, correlations are often used because they can be applied to 
a range of reservoirs with different oil types and heterogeneities. For example, the American Petroleum Institute (API) 
correlations were developed to estimate recovery factors from various types of natural depletion and water drive reservoirs 
(Satter et al. 2008). This is because good correlations typically capture enough critical information to represent certain 
reservoirs to a reasonable degree of accuracy.    
 In principle, reservoir heterogeneities should be quantified to a level sufficient to design a reservoir model from which 
the optimal production process, drainage and completion pattern can be derived (Weber 1986).  A good understanding of 
reservoir heterogeneities helps in constructing a balanced simulation model that is not overly complex such that it causes 
numerical errors but also not overly simplistic. 
The objective of our study was to therefore quantify the combined effects of reservoir heterogeneity and mobility ratio in 
two-dimensional lens systems supported by waterflood. For a specific pairing of mobility ratio and lens model, the study tried 
to approximate the point at which the production behaviour resembled a homogeneous system and when it started to deviate 
and began exhibiting behaviours characteristic of a heterogeneous system. This approximation may one day serve as a rule of 
thumb to potentially identify which heterogeneity parameters are crucial for a particular reservoir system and a set of fluid 
properties. The reservoir heterogeneity considered in this study was focused on the varying of permeability contrast, net-to-
gross and sand body dimensions. 
Methodology 
Reservoir simulation overview 
The impact of reservoir heterogeneity and fluid properties were examined using two-dimensional reservoir simulation 
models and neglected the effects of capillary pressure and gravity. The synthetic reservoir used in this study was rectangular 
in shape and measured 1000 m in length and 50 m in width. The oil reservoir was supported by water injection to maintain 
reservoir pressure above the bubble point pressure throughout the field life. As such, this study was focused on two phase 
fluid flow (oil and water) at reservoir conditions. Reservoir volume control rates were imposed on both the water injector and 
oil producer (injection rates were maintained at 10,200 bbl/d and production rates were maintained at the same value 
throughout the field life). 
One set of oil-water relative permeability curve (Fig. 3), representing a mixed wet system, was used in all the models 
along with the other properties summarised in Table 1. The relative permeability curves were generated using the Corey 
Correlation. Refer to Appendix B for further information on the relative permeability curves. Oil viscosity and reservoir 
heterogeneity were sensitivity parameters in this study. As per Table 1, up to 6 different oil viscosity values were used. The 
impact of reservoir heterogeneity was investigated by varying the lens permeability (Table 2) and lens dimension (Table 3). 
The following sections would explain the lens models used to represent reservoir heterogeneity in our analysis. 
 
Table 1— 2D reservoir and fluid properties 
    
Parameter Values Unit
Porosity 20%
Permeability 500 md
Initial reservoir 
pressure
4000 psia
Bubble point 
pressure
800 psia
Oil density 54.3 lb/cf
Water density 62.4 lb/cf
Oil viscosity
Sensitization : 
0.6; 1.2; 2.4; 4.8; 7.2; 9.6
cp
Water viscosity 0.6 cp
Oil formation 
volume factor
1 rb/stb
Water formation 
volume factor
1 rb/stb
Fig. 3 —Water-Oil Relative Permeability Plot 
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Representation of reservoir heterogeneity 
The reservoir heterogeneity represented in the simulation models are shown in Fig. 4 and Fig. 5. A pair of water injector and 
oil producer was used, with the wells placed at opposite ends of the reservoir to represent a direct line drive waterflood 
pattern. A voidage replacement ratio (VRR) of 100% was maintained throughout the production life.  
 
   
Fig. 4—Single and dual lens models 
   
Fig. 5—Multiple overlapping lens models 
 
Single Lens (Fig. 4a). The lens area was maintained at 24% and positioned in the centre of the reservoir for all sensitivity 
runs. Three sensitivity runs were performed on the aspect ratio of the lenses (Table 3), while another 11 sensitivities were 
performed on the lens permeability (Table 2).   
The aspect ratio was a dimensionless parameter to calculate the ratio of the length and width of the lens to the length and 
width of the reservoir. The aspect ratio can be expressed per Eq. 1 below: 
 
Permeability (md)
50m
1000m
Single Lens
Dual Lens: Parallel
Dual Lens: Series
Dual Lens: With Offset and Non-Overlapping
HLens
HLens
LLens LLens = 50m
HLens
LLens
LLens = -50m
Dual Lens: With Offset and Overlapping
a)
b)
c)
d)
e)
LWI
LLens
Note: LW I maintained at 50 m for all sensitivities ran with the Series and Offset Dual Lens System
Y-axis
X-axis
Oil Producer
Water Injector
High Permeability 
Lens, kL
Legend
Low Background 
Permeability, kB
Oil ProducerWater Inj.
Flow Direction
1000
10
Permeability (md)
Legend:
High permeability 
lens, kL
Direction of 
connected 
pathway
Water injector
Oil producer
Y-axis
X-axis
Low permeability
Background, kB
NTG: 60% (below percolation threshold)
NTG: 67% (at percolation threshold)
NTG: 75% (above percolation threshold)
Oil ProducerWater Inj.
Flow Direction
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                               …………………………………………………….…(1) 
 
Table 2—Sensitivities: Lens permeability                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In summary, up to 198 cases were run for the single lens system (6 sensitivities for oil viscosity    3 sensitivities for lens 
aspect ratio   11 sensitivities for lens permeability). A maximum background permeability of 500 md was chosen to speed 
up the sensitivity study as the simulator ran into convergence problems if a lower permeability was used. The actual value of 
the background permeability should not be a major concern as the scope of this study was focused on the permeability 
contrast rather than the actual value of permeability. Hence, similar trends would be expected when running the models with 
lower background permeability. 
The results of the simulations as a function of areal sweep efficiency and water breakthrough time were plotted against a 
dimensionless parameter, named F, which incorporated the influence of permeability contrast, mobility ratio and lens aspect 
ratio. This will be discussed in more details under the Results section. The use of a dimensionless index allows the 
comparison of reservoirs with very different sand body sizes, distributions and development strategies (Henson et al. 2002).  
 
Non-overlapping dual lenses. Two separate lenses were placed in the reservoir, where the area in each lens was maintained 
at 12%. The total lens area was therefore maintained at 24% so that findings from the dual lens system could be directly 
compared with the single lens model. The lenses were oriented in three patterns: 
 
1. Dual Lens: Parallel (Fig. 4b) 
Sensitivities were performed on HLens (vertical separation between lenses) and LWI (distance from water injector). 
The values of HLens which were evaluated in the simulation models were: 0 m, 5 m and 10 m. These three values of 
HLens were run against two different values of LWI (50 m and 400 m) in the model.     
  
2. Dual Lens: Series (Fig. 4c) 
Sensitivities were performed on LLens (horizontal separation between lenses). The values of LLens which were 
evaluated in the simulation models were: 0 m, 5 m, 20 m and 50 m. 
  
3. Dual Lens: With Offset (Fig. 4d and Fig. 4e)  
Sensitivities were performed on HLens (vertical separation between lenses) and LLens (horizontal separation between 
lenses). The values of HLens which were evaluated in the simulation models were: 5 m and 10 m. These two values of 
HLens  were run against two cases of LLens (50 m and -50 m) in the model.     
  
Overlapping multiple lenses. Three sandbody realizations with fractional volumes of high permeability sand of 60%, 67% 
and 75% were generated for this study (Fig. 5). Sensitivities were run on the background permeability, with values of 0.05 
md, 0.1 md, 1 md and 100 md. The high lens permeability was maintained at 1,000 md for all sensitivities.  
Lens 
length, m 
Lens 
width, m 
Aspect 
Ratio 
Size 
% lens 
area 
300 40 0.38 Wide 
24% 400 30 0.67 Intermediate 
600 20 1.50 Narrow 
kL:Lens 
Permeability, md 
kB: Background 
Permeability, md 
Permeability 
Contrast, 
R=kL/kB 
714 500 1.4 
1000 500 2 
1667 500 3.3 
2,500 500 5 
4,000 500 8 
5,000 500 10 
10,000 500 20 
25,000 500 50 
50,000 500 100 
500,000 500 1000 
750,000 500 1500 
Table 3—Sensitivities: Lens aspect ratio 
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The proportion of high permeability sand in these models was chosen so that the models bracketed the two-dimensional 
(2D) percolation threshold for a high permeability sand in an impermeable background (67%). The percolation threshold is 
the net-to-gross at which the infinitely small sand bodies would first form a single spanning cluster connecting one end of the 
reservoir to the other end (King 1990). Above this threshold value of 67%, there would be more than one connecting path of 
high permeability streaks from the water injector to the oil producer. This could be seen from the case of net-to-gross (NTG) 
=75% in Fig. 5. At a net-to-gross of 60% (below the percolation threshold), the high permeability lenses appeared as 
disconnected patches as observed from Fig. 5.  
Previous studies (Andrade et al. 2000; King et al. 2001) focused on high permeability, overlapping sand bodies 
distributed in an impermeable background.  By looking at production behaviours in overlapping sand bodies distributed in a 
non-zero background, this study was therefore extending the scope of previous works to determine when real reservoirs with 
non-zero permeability sands begin to behave in a way that can be treated by percolation analyses.  
 
Recovery Factor (RF) 
To analyse the simulation results obtained from the heterogeneous models, recovery factor was used alongside the 
microscopic displacement efficiency (DE) and areal sweep efficiency (AS). For two-dimensional models, recovery factor is a 
product of DE and AS, as shown in Eq. 2: 
 
                        …………….………………………….………………………………………………….…(2) 
 
Microscopic Displacement Efficiency (DE)  
The microscopic displacement efficiency decreases as oil viscosity increases (Lyons 2010). The impact can be illustrated by 
using the Buckley-Leverett (1941) fractional flow analysis. In our study, the relative permeability information was used to 
produce the fractional flow curve, which was then used to plot the pore volume of oil produced (NPD) versus pore volume 
injected (PVI), as shown in Fig. 6.  
The pore volume of oil produced is the ratio of the total volume of oil that has been produced (at reservoir condition) to 
the total pore volume of the reservoir. The pore volume injected is the ratio of the total volume of water that has been injected 
(at reservoir condition) to the total pore volume of the reservoir. The fractional flow curves used in producing the NPD vs. PVI 
plot below is provided in Appendix C. 
  
 
Fig. 6—Total oil produced versus pore volume injected plot showing recovery increases as viscosity ratio decreases 
The fractional flow analysis assumes the following (Dandekar, 2006): 
 One-dimensional immiscible flow occurs for two incompressible fluids 
 Diffuse flow, i.e displacement occurs at very high injection rates so that the effects of capillary and gravity forces 
are negligible 
 Homogeneous porous medium rock  
 
Since a piston-like displacement is expected, the areal sweep efficiency (AS) for a homogeneous system is assumed to be 1, 
independent of the fluid viscosities. As such, at a particular oil viscosity, V, Eq. 2 becomes: 
 
                             (                             )   …………………………………….……………………(3) 
0
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Recovery Factor = NPDat different oil viscosities ÷ HCPV
Hydrocarbon Pore Volume (HCPV) =1-Swirr
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From Eq. 3, the displacement efficiency for a homogeneous reservoir at a particular oil viscosity is equivalent to its recovery 
factor. At different oil viscosities, the recovery factor for a homogeneous model (RFHMG) will be different, as evident from 
Fig. 6. It can also be observed from Fig. 6 that displacement efficiency and recovery factor in a homogeneous system reduce 
with increasing oil viscosity. 
  
Macroscopic Sweep Efficiency (AS)    
 
Eq. 4 and Eq. 5 describe the standard process used in our study to calculate the macroscopic or areal sweep efficiency for a 
particular heterogeneous model and for a specific oil viscosity ratio. Taking an oil viscosity of 1.2 cp as an example, the 
recovery factor (homogeneous case), RFHMG was: 
 
                  (                             )                    …………………...………………….………………(4) 
 
The recovery factor for the heterogeneous model from our studies was obtained from the simulation results, RFHTR. The areal 
sweep efficiency, for this heterogeneous model was therefore: 
 
          μ
 
       
  
       μ       
(               )
                 (                             )
   ……………………………………….………...………(5) 
 
From Eq. 5 above, the areal sweep efficiency at a particular oil viscosity was therefore a ratio of the recovery factor obtained 
from running the heterogeneous simulation model to the recovery factor calculated from the fractional flow analysis.   
 
Key Parameters used in Analysis of Simulation Results 
 
Previous work on heterogeneity and waterflooding used either the end point mobility ratio (Me) or flood front mobility ratio 
(M*) to interpret results. The Me and M* values used in our study were calculated using the relative permeability curves, 
water viscosity and oil viscosities. The Me and M* values associated with each oil viscosity is shown in Table 4. 
 
Table 4—μo, Me and M* values 
μo, cp Me = [Krwe/μw ]÷[Kroe/μo ]  M* = ([Krwf/μw ]+[Krof/μo ])÷[Kroe/μo ] 
0.6 0.5 0.37 
1.2 1 0.59 
2.4 2 0.86 
4.8 4 1.1 
7.2 6 1.27 
9.6 8 1.35 
 
Since our study focused on the evaluation of production performance at water breakthrough, the flood front mobility ratio 
(M*) was used along with permeability contrast between the lens and the background to analyse the simulation results. M* 
was the preferred choice over Me because M* accounted for mobilities of both water and oil behind the front, whereas Me 
only included water mobility behind the front (Kumar et. al. 2008). Additional information related to the calculation of the 
Me and M* values are provided in Appendix B. 
Grid Sensitivities 
A grid refinement study was performed (see Appendix D) and a grid of 200 200 was chosen. When compared with a 
500 500 grid model, the 200 200 grids showed a difference of approximately 1.5% recovery factor at water breakthrough. 
This difference would later be incorporated in the Results section when we discuss about the homogeneous system.  
 
 
Results 
Single lens system 
As mentioned in the Methodology section, a total of 198 sensitivities were run for the single lens case. 99 of the cases were 
run with flood front mobility ratio of M*≤1 (stable displacement) and the remaining 99 cases were run with M*>1 (unstable 
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displacement). The results in the form of areal sweep efficiency and water breakthrough time for all 198 cases are shown in 
Fig. 7. 
The areal sweep efficiency values were calculated based on displacement efficiency values from the fractional flow analysis 
and recovery factors obtained from the simulation results. Refer to Appendix C and Appendix E for the tables showing the 
displacement efficiency values and recovery factors used to calculate the sweep efficiency. 
 
 
Fig. 7—Areal sweep efficiency versus M* and Permeability Contrast for (a) Lens aspect ratio=0.38 (b) Lens aspect ratio=0.67 (c) Lens 
aspect ratio=1.5 
Classification of Heterogeneous Group: From Fig. 7, it is evident that after a specific permeability contrast, the sweep 
efficiency does not change significantly (less than 1% change from one to another). When this happens, the system is termed 
as the heterogeneous group, which are marked by dotted blue boxes in Fig. 7. 
From the figure, it can be observed that lens systems with M*>1 (unstable displacement) become classified as 
heterogeneous for a lower permeability contrast than those with M*≤1. For instance from Fig. 7a, the lens systems for 
M*=0.37 are classified as heterogeneous from permeability contrast above 50, while the lens systems for M*=1.35 are 
classified as heterogeneous from permeability contrast above 8.  
Our study showed that all the cases (regardless of lens aspect ratio and M*) could be classified as heterogeneous when the 
permeability contrast, R, was ≥50. In short, the trends observed suggested that the classification of the heterogeneous group 
was more strongly dependent on permeability contrast than on M* and aspect ratio.   
 
Classification of Homogeneous Group: This study considered reservoirs with sweep efficiency values of 93.5% and above 
to be homogeneous. This benchmarking value was obtained by assuming there is a 5% uncertainty (e.g. geological or 
production technology related uncertainties) associated with typical recovery factor estimation and an additional 1.5% 
difference associated with using a coarse 200 200 grid. Unlike the heterogeneous group, where permeability contrast was 
the dominant factor, the classification of ‘homogeneity’ was also dependent on M* and the lens aspect ratio. From Fig. 7, the 
homogeneous behaviours are mostly observed at smaller M*, smaller lens aspect ratio and smaller permeability contrast. 
Therefore, the study attempted to obtain a dimensionless parameter by trial and error which could combine the effects of M*, 
lens aspect ratio and permeability contrast. The F parameter, expressed in Eq. 6 below, was deemed the most reasonable 
2
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screening criteria for the homogeneous group:  
 
   (                 )     (                     )  + M*  …..………………………………………………….…(6) 
 
Based on Eq. 6, the F values were calculated for all the 198 simulation results. Out of these, 31 of the cases had sweep 
efficiency values ≥93.5%. All 198 sweep efficiency values were plotted with the resulting F values and the results are shown 
from Fig. 8 to Fig. 9.  
From Fig. 8, the majority of the simulation results for cases with lens aspect ratio of 0.38 and 0.67 with sweep efficiency 
values  ≥93.5% had corresponding F values of  ≤1. Additionally, in Fig. 9, the simulation results for cases with lens aspect 
ratio of 1.5 with sweep efficiency values ≥93.5% showed corresponding F values of ≤ 1.2. Thus, our study assumed that F ≤1 
was an appropriate benchmarking value for lens systems with aspect ratio of 0.38 and 0.67. A slightly higher value of F≤ 1.2 
was needed to benchmark the longer and thinner lenses with aspect ratio of 1.5.  
 
   
Fig. 8—Using F as screening parameter for homogeneous system for lens aspect ratio of 0.38 and 0.67 
 
 
 
Fig. 9—Using F as screening parameter for homogeneous system for lens aspect ratio of 1.5 
From Fig. 8 and Fig. 9, none of the cases with M*>1 qualified as homogeneous. This suggested that unstable 
displacement generally behaved in a non-homogeneous manner. Tables showing the complete F values along with the 
corresponding  sweep efficiency, M*, permeability contrast and lens aspect ratio are provided in Appendix E.  
Other less successful attempts (e.g using a simple R M* relationship, using the square root of permeability contrast in 
place of the logarithmic of permeability contrast, etc.) are tabulated and presented in Appendix F and Appendix G.  
 
Classification of Intermediate Group: The group that did not fall into either the homogeneous or heterogeneous group was 
classified as the Intermediate group. Essentially, the intermediate group was a transitional phase between a homogeneous 
behaviour and a fully heterogeneous behaviour.  
Unsurprisingly a lower sweep efficiency was associated with earlier water breakthrough. Fig. 10 illustrates the interaction 
among M*, permeability contrast and lens aspect ratio which affected the water breakthrough timing: 
1. Fig. 10a: At M*≤1, low permeability contrast and low lens aspect ratio, the displacement was stable and piston-like, 
resulting in a good sweep efficiency. 
2. Fig. 10b: At M*>1, low permeability contrast and low lens aspect ratio, the displacement became unstable and 
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distortion to the initially stable flood front was observed, leading to earlier water breakthrough.   
3. Fig. 10c: At M*>1, high permeability contrast and low lens aspect ratio, water started channelling through the high 
permeability lens, bypassing the outer lens area. The distortion to the already unstable flood front was exacerbated 
with the greater permeability contrast between the lens and the background. This resulted in an even earlier water 
breakthrough. 
4. Fig. 10d: At M*>1, high permeability contrast, high lens aspect ratio: The distortion of the flood front was the most 
significant at this point. The majority of the flow channelled through the high permeability lens, which resulted in 
very early water breakthrough and bypassing the oil in regions outside the lens. 
 
 
Fig. 10—Areal flood pattern at water breakthrough  
Test Validation:  All the screening criteria proposed in this study were based on areal sweep efficiency at water 
breakthrough. To test the validity of the relationship up to a field life of twice the Pore Volume Injected (2 PVI), a plot of the 
dimensionless oil produced (NPD) versus PVI was generated. The simulation results and fractional flow analysis were then 
compared up to 2 PVI.  
Fig. 11 shows the simulation results using M*=0.37 with a lens aspect ratio of 0.67 for 11 permeability contrast values. From 
the figure, it can be seen that the three classifications (homogeneous, intermediate, heterogeneous) developed from 
behaviours identified at breakthrough hold true to 2 PVI.  
 
Fig. 11—Test Validation: NPD comparisons 
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Dual lens system  
Based on the grouping criteria established from the single lens analysis, one set of reservoir parameters from each of the three 
groups was selected and run. These parameters are as listed below:  
1. Homogeneous: M*= 0.37; kL =1667md; kB =500md; lens aspect ratio=0.67 
2. Intermediate: M*=1.27; kL =2,500 md; kB =500md; lens aspect ratio=0.67 
3. Heterogeneous M*=1.35; kL =25,000 md; kB =500 md; lens aspect ratio=0.67 
Three different lens orientation were studied. These included the parallel system, series system and offset system. As 
mentioned in the Methodology section, each lens in the dual lens model had a dimension of 400 m (length)   15 m (width). 
The total area of the two lenses as a fraction of the total reservoir area was 24%. Fig. 12, Fig. 13 and Fig. 14 summarise the 
results from the simulations performed on the dual lens model.  
 
Parallel System. As mentioned in the Methodology section and also per Fig. 4b, this system involved running sensitivities 
on HLens and LWI. Fig. 12a below shows results of the sensitivity runs for the dual parallel lens system.  
From Fig. 12a, the homogeneous group was unaffected by the presence of two lenses rather than one.  Fig. 12b 
summarises the findings for both the intermediate and heterogeneous groups and indicates that sweep efficiency at 
breakthrough was not affected by  HLens. The effect was therefore similar to having both lenses combined to become a single 
thick lens. The only small difference was that a slightly lower sweep efficiency (~1.5%) was observed when the lenses were 
placed closer to the water injector (LWI =50) versus further away (LWI =400).  
 
 
 
Fig. 12—(a) Simulation results for parallel lens system (b) Summary findings for intermediate and heterogeneous systems   
Series System. Per Fig. 4c, this system involved running sensitivities for LLens. Fig. 13a shows results of the sensitivities. 
From Fig. 13a, the homogeneous group was unaffected by the presence of the lenses.  Fig. 13b summarises the findings for 
both the intermediate and heterogeneous groups and indicated that sweep efficiency was not affected by LLens. The effect was 
therefore similar to having both lenses combined to become a single long and narrow lens. 
  
  
Fig. 13—(a) Simulation results for series lens system (b) Summary findings for intermediate and heterogeneous systems   
Offset System. Per Fig. 4d and Fig. 4e, this system involved running sensitivities for HLens and LLens  
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Fig. 14— (a) Simulation results for offset lens system (b) Summary findings for offset & non overlapping (intermediate and 
heterogeneous systems) (c) Summary findings for offset & overlapping (intermediate and heterogeneous systems) 
  From Fig. 14a, the homogeneous group was unaffected by the presence of lenses. This figure also indicated that the 
production performance was not sensitive to changes in LLens for both the overlapping and non-overlapping offset models. 
Fig. 14b summarises the findings for the offset and non-overlapping case (heterogeneous and intermediate groups) 
As shown in the figure, a pair of offset and non-overlapping lenses behaved similar to a series lens system.  
Per the illustration in Fig. 14c, the offset and overlapping system (heterogeneous and intermediate groups) had a 
partially parallel section. Therefore, the sweep efficiency for this system was better than the offset and non-overlapping 
model. 
   
Summary of Dual Lens Analysis: The orientation of the lenses (series, parallel, offset) were critical for the intermediate and 
heterogeneous cases, while the homogeneous system was unaffected by the lenses. However, at a specific orientation, the 
cases from both the intermediate and heterogeneous cases were less sensitive to the separation between the lenses.     
Fig. 15 is one example where the lenses from the series system showed similar sweep efficiency values, regardless of the 
lens separation. Per Fig. 15, as the separation between the two lenses (LLens) increased, the water was able to sweep a larger 
area in the middle portion of the reservoir before being channelled into the second lens. However, as the lens separation 
increased, the second lens would be pushed closer to the oil producer. Hence, the injected water would be exposed to a 
smaller area upon leaving the second lens and this resulted in a poorer sweep. So, as LLens increased, the poorer sweep 
efficiency after the second lens negated the higher sweep efficiency achieved in the middle portion of the reservoir. 
Therefore, the sweep efficiency values ended up being comparable with one another regardless of LLens. The average water 
saturation in all the three cases in Fig. 15 was 33%.    
    
 
 
Fig. 15—Areal flood pattern at water breakthrough for the dual lens system (series) for: (a) LLens=0 m (b) LLens =20 m (c) LLens =50 m 
The sweep efficiency behaviour based on analysis of the dual lens system could be summed up into 2 general observations: 
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1. For the homogeneous group, sweep efficiency was unaffected by the presence of the lenses. 
2. For heterogeneous and intermediate groups, the relationship of the sweep efficiency at breakthrough, is per Eq.7: 
                                                          ≈           ……………………………...………(7) 
Multiple overlapping lens system 
This system was run at M*=0.37 (stable displacement) and M*=1.35 (unstable displacement). Fig. 16a and Fig. 16b show 
that the sweep efficiency started to stabilise when the permeability contrast, R, exceeded 10,000 for both stable and unstable 
displacement cases. 
 
 
Fig. 16—Simulation results of Sweep Efficiency, AS versus NTG for (a) M*=0.37 (b) M*=1.35 
Another observation was that the sweep efficiency reduced as the permeability contrast increased. In our study, water 
channelling also became more apparent as the permeability contrast increased, which resulted in lower sweep efficiency. A 
higher M* also resulted in lower sweep efficiency due to channelling.  
At the same M* and permeability contrast values, Fig. 16a and Fig. 16b also show that the sweep efficiency increased as 
the net-to-gross (NTG) value increased. However, this relationship was only true up to permeability contrast of less than 
10,000. For permeability contrast greater than 10,000, the sweep efficiency from the NTG=67% model was poorer than the 
reservoir with 60% NTG. Fig. 17 is used to illustrate this phenomenon. At 67% NTG, the reservoir only had one single 
connected high permeability streak from the water injector to the producer. When the permeability contrast was sufficiently 
large (R=10,000 in our study), the injected water would be mostly focused on the single connected channel, as indicated by 
the arrows in Fig. 17b. Consequently, the sweep efficiency at 67% was concentrated along the single connected pathway, 
resulting in the system having the lowest sweep efficiency compared to NTG=75% and NTG=60%.  
As mentioned in the Methodology section, a voidage replacement ratio of 100% was maintained in all the waterflood 
models used in our study. The use of a constant injection rate into all grid blocks, regardless of their permeability, would 
force water into the lower permeability zones. This increased the sweep efficiency in the NTG=60% model and for the case 
of R=10,000, the NTG=60% achieved better sweep compared to the NTG=67% model.  
At a lower permeability contrast of R=1,000 (Fig. 18), channelling effects across the high permeability streaks were still 
apparent, though not as adverse as the R=10,000 case. As indicated by Fig. 18b the flow was less focused on the single 
connected channel in the NTG=67% case. Consequently, the injected water was able to sweep a larger area and the sweep 
efficiency in the NTG=67% system was therefore better than the sweep efficiency at NTG=60%.   
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Fig. 17— Areal flood pattern at WBT (kL= 1,000md; kB= 0.1md) 
 
Fig. 18—Areal flood pattern at WBT (kL= 1,000md; kB= 1md) 
Discussion and Considerations for Further Work 
Learnings from single lens system. From Fig. 8 and Fig. 9, it is apparent that models with M*>1 mostly behaved in a non-
homogeneous manner. In addition, the number of cases belonging to the homogeneous group decreased as the lens became 
thinner and narrower (aspect ratio increased). Hence, the characterisation of a heterogeneous reservoir populated by thin, 
narrow lenses and filled with fluids susceptible to unstable displacement (M*>1) would require the most attention to the 
detailed description of the heterogeneity.  
The analysis performed thus far focused on models with lens area of 24%.  Future work should therefore encompass a 
larger range of heterogeneous lens areas to test the validity of the many useful relationships identified throughout the study. 
This includes running simulations with various lens areas to confirm that the permeability contrast, R≥50 is in fact a general 
threshold for the heterogeneous group. One set of relative permeability curve representing a mixed wet system was used 
throughout our studies. Sensitivities should therefore be run using different relative permeability curves.  
As mentioned in the Results section, the F parameter used to benchmark the homogeneous group was obtained by trial 
and error. Analytical studies should be done to investigate the interaction of the F parameter with sweep efficiency and 
whether this relationship can be generalised to a broader range of lens area. 
 
Learnings from dual lens system. This study demonstrated that the heterogeneous and intermediate groups were sensitive to 
the orientation of the lenses (parallel, series or offset) but not to the separation between the two lenses. For a specific 
orientation, the effect of two separate lenses on sweep efficiency was similar to combining all the lenses as one complete 
unit. This knowledge can potentially be applied in the estimation of sweep efficiency for a reservoir with multiple separate 
lenses (more than 2 lenses), where the lens’ orientations are fairly similar but the separation between the lenses are not 
known.  
 
Learnings from multiple overlapping lens system. Our study showed that the sweep efficiency started to stabilise for 
R≥10,000. This suggested that the reservoir may start exhibiting behaviours similar to the “black and white” models (high 
permeability channels distributed in a non-permeable background) used in the study of percolation theory (Andrade et al. 
2000; King et al. 2001). The next avenue will be to apply the concept of percolation theory (estimation of water breakthrough 
time and oil recovery factor) to these models with R≥10,000 and to compare the analytical versus numerical results.   
Through the NTG=60% and NTG=75% models, we have shown that at values away from the percolation threshold 
(67%), a higher NTG results in a higher sweep efficiency. However, additional runs need to be performed at NTG values 
close to 67% (+/-2%) where the direct relationship between NTG and sweep efficiency may not hold. The results of this work 
will enable the reservoir engineers to exercise caution when they are attempting to perform preliminary recovery factor 
estimation for new fields based on analogue reservoirs with NTG values close to the percolation threshold. 
 
Improving the overall reservoir representation. For a more realistic and accurate representation of the reservoir, 3D 
simulation studies should be considered.  The impact of gravity, vertical sweep efficiency and vertical heterogeneities can be 
explored from using such 3D models.  
 
Potential contributions beyond waterflooding: Enhanced Oil Recovery (EOR) 
On a broader scale, the observations we made in the classification of heterogeneous, homogeneous and intermediate groups 
can potentially help to decide on the execution of Enhanced Oil Recovery (EOR) projects aimed at improving sweep 
efficiency in reservoirs containing high permeability streaks. For example, projects involving the BrightWater thermally 
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active polymer and Microbial Enhanced Oil Recovery (MEOR) aim to reduce the flow of water injection into high 
permeability streaks and divert the water into previously bypassed oil zones (Garmeh et al. 2011; Gray et al. 2008). The 
expected magnitude of permeability reduction from these projects can potentially be compared with the permeability contrast 
associated with the heterogeneity group developed from our study. These EOR projects can be deemed unfeasible if the 
reservoir still remains in the heterogeneous group even after permeability reduction.   
Conclusions  
Through the study of the lens system, we successfully identified many useful relationships pertaining to sweep efficiency, 
permeability contrast, lens aspect ratio and flood front mobility ratio. Our findings can be summarised as the following: 
 
Single Lens System 
1. Using sweep efficiency at breakthrough was a good benchmarking tool to classify the reservoir behaviour. Three 
distinct groups were successfully identified, which were homogeneous, intermediate and heterogeneous. 
2. For models classified as homogeneous, the presence of any heterogeneity could be omitted. However, geological 
details must be considered when modelling reservoirs in the intermediate and heterogeneous groups.   
3. It is also critical to capture the details of heterogeneity in reservoirs with M*>1. Most of the reservoirs with 
immiscible displacements in our reservoir behaved in a non-homogeneous manner. 
Dual Lens System 
1. Models in the homogeneous group were unaffected by the presence of the lenses. 
2. Production from heterogeneous and intermediate groups were critical to the orientation of the lenses, but not to the 
separation of the lenses. Treating the lenses as small, isolated units in the reservoir produced the same effect on 
sweep efficiency as treating the lens as one large cohesive unit.   
Multiple overlapping lens system 
1. At NTG values away from the percolation threshold of NTG=67%, the sweep efficiency exhibited a direct 
relationship with the NTG. A direct relationship between NTG and sweep efficiency was still observed when the 
NTG=67% models were simulated with permeability contrast below 10,000. For permeability contrast exceeding 
10,000, the sweep efficiency at NTG=67% was poorer than at NTG=60%. This was due to extreme channelling of 
water from the injector to the producer. 
 
The lens systems are simplified yet reasonable representations of river channels and deep water turbidite type reservoirs. 
Indeed, the rules of thumb highlighted above can improve the efficiency of building reservoirs with similar geological 
architecture.  
In essence, the relationships developed from our 2D lens models can serve as groundwork for developing more robust 
relationships in the investigation of reservoir heterogeneity. Future work should expand the scope to 3D simulation models 
across a larger range of lens area and also looking at channels with serpentine-like patterns. Analytical studies should also be 
conducted to understand the relationship of the parameter F that was used to classify the homogeneous group.   
Nomenclature 
HLens = vertical separation between lenses, meter  
kB = background reservoir permeability, md 
kL = lens permeability, md 
Kroe = end point relative permeability of oil, fraction 
Krof = relative permeability of oil at flood front, fraction 
Krwe =end point relative permeability of water, fraction 
Krwf = relative permeability of water at flood front, fraction 
L = Length of high permeability lens, meter 
LLens = horizontal separation between lenses, meter 
LWI = distance from water injector, meter 
M* = flood front mobility ratio, dimensionless 
NTG = Net-to-gross, fraction 
W = Width of high permeability lens, meter 
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APPENDIX A: Critical Literature Review 
 
  
SPE 
Paper n 
Year Title Authors Contribution 
Journal of Petroleum 
Technology 
1941 Mechanism of Fluid 
Displacement in Sands 
Buckley, S.E. 
Leverett, M.C. 
Introduced the concept of 
fractional flow and frontal 
advance analysis to 
investigate the displacement 
of oil by water in reservoirs. 
 
Petroleum 
Transactions 
1952 Mobility Ratio – Its 
Influence on Flood 
Patterns during Water 
Encroachment 
Aronofsky, J.S. Demonstrated via numerical 
analysis how mobility ratio 
affected sweep efficiency in 
homogeneous waterflood 
reservoirs. 
 
999 1964 Flow in 
Heterogeneous Hele-
Shaw Models 
Greenkorn, R.A. 
Haring, P.E. 
Jahns,H.O. 
Used laboratory and 
numerical analysis to show 
that channelling effects 
became dominant beyond a 
high permeability threshold.  
 
SPE Textbook Series 
Vol. 3 
1986 Waterflooding Willhite, G.Paul Illustrated the three different 
geometry models of 
sandstones deposited in a 
river channel (vertical 
stacking, lateral stacking 
and isolated stacking). 
 
North Sea Oil and Gas 
Reservois - II 
1990 The Connectivity and 
Conductivity of 
Overlapping Sand 
Bodies 
King, P.R. Defined the percolation 
threshold value for 2D 
reservoir models to be  at 
67%.  
 
Offshore Technology 
Conference  
2002 Reservoir Prediction 
and Development 
Challenges in 
Turbidite Slope 
Channels 
Mayall, Mike 
O’Byrne, Ciaran 
 
Illustrated the various 
patterns of channel stacking 
in deep water turbidite 
reservoirs (multi-storey, 
shingled, multi-lateral and 
isolate).   
  
97671 2008 High Mobility Ratio 
Waterflood 
Performance 
Prediction: Challenges 
and New Insights 
Kumar, Mridul 
Hoang, Viet 
Satik, Cengiz 
Rojas, Danny 
Demonstrated through 
reservoir simulation that M* 
was a more appropriate 
parameter compared to end 
point mobility ratio in the 
analysis of flood front 
behaviour at breakthrough 
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Mechanism of Fluid Displacement in Sands 
Journal of Petroleum Technology. 1964. 
 
 
Author: Buckley, S.E. and Leverett, M.C. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”; 
Introduced the concept of fractional flow and frontal advance analysis to investigate the displacement of oil by water in 
reservoirs. 
 
 
Objective of Paper: 
1. To show how to calculate fractional flow.  
2. To explain how fluid viscosity and initial fluid saturation impacted the efficiency of waterflood 
 
 
Methodology used: 
1. Mathematical derivation of the fractional flow analysis. 
2. Illustrated the movement of the flood front using graphs. 
 
 
Conclusions reached: 
Fractional flow curves is useful as it can show the magnitude of the impact of different fluid viscosities in the reservoir to the 
flood front behaviour.  
 
 
Comments: 
Fractional flow curves were useful in this study as it enabled us to quantify the effect of increasing oil viscosity on the 
displacement efficiency. 
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Mobility Ratio – Its influence on Flood Patterns During Water Encroachment 
Petroleum Transactions, 1952. 
 
 
Author: Aronosky, J.S. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”; 
Illustrated through numerical analysis that different mobility ratio impacts areal sweep efficiency. 
 
 
Objective of Paper: 
To show how to incorporate the effects of oil and water viscosities in affecting areal sweep efficiency.  
 
 
Methodology used: 
Used the end-point mobility ratio and studied its impact on sweep efficiency. 
 
 
Conclusions reached: 
The effects of mobility ratio variations should be considered in reservoir analysis as the ratio can cause large changes in 
pattern sweep. 
 
 
Comments: 
The flood front mobility ratio was used instead of the end-point mobility ratio in our study as we looked at sweep efficiency 
at breakthrough (at the flood front). 
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Flow in Heterogeneous Hele Shaw 
Society of Petroleum Engineers Journal, 1964. 
 
 
Author: Greenkon, R.A., Haring, P.E. and Jahns, H.O. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”: 
Used laboratory and numerical analysis to show that channelling effects became dominant beyond a high permeability 
threshold. 
 
 
Objective of Paper: 
To identify whether there is a permeability limit such that a system behaves infinitely permeable. 
 
 
Methodology used: 
Use of experimental and numerical analysis. 
 
 
Conclusions reached: 
For a circular shaped lens, it was found that a permeability ratio of greater than 10 resulted in the system being infinitely 
permeable.  
 
 
Comments: 
Our study applied the concept of permeability contrast from this paper which was a ratio of the high permeability lens to the 
low permeability background. 
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Waterflooding 
SPE Textbook Series Vol.3, 1986. 
 
 
Author: Willhite G.P. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”: 
Provided a real example of how the lens system could represent sandstone reservoirs deposited in river channels. 
 
 
Objective of Paper: 
To explain the principal types of sandstone reservoir geometries. 
 
 
Methodology used: 
1. Used figures to illustrate the various depositional patterns in sandstone reservoirs. 
2. Showed that there were three main types of channel stacking patterns in sandstone reservoirs deposited in river channels. 
 
 
Conclusions reached: 
The lens models could be used to represent the vertical stacking, lateral stacking and isolated stacking systems.   
 
 
Comments: 
The ability for the lens models to represent the geometries of some sandstone reservoirs indicated the relevance and 
practicality of our study. 
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The Connectivity and Conductivity of Overlapping Sand Bodies 
North Sea Oil and Gas Reservoirs II, 1990. 
 
 
Author: King, P.R. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”; 
Defined the percolation threshold value for 2D reservoir models to be at 67%.  
 
 
Objective of Paper: 
To illustrate that percolation theory could be used to predict water breakthrough timing in a system with good overlapping 
sand bodies distributed in a non-permeable background. 
 
 
Methodology used: 
Used probability distribution concepts to estimate water breakthrough timing. 
 
 
Conclusions reached: 
Water breakthrough timing could be estimated to a reasonable level provided that the good sand was deposited in an 
impermeable background.   
 
 
Comments: 
The percolation threshold of 67% served as one of the three main sensitivities in our multiple overlapping sand bodies model. 
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Reservoir Prediction and Development Challenges in Turbidite Slope Channels 
Offshore Technology Conference, 2002. 
 
 
Author: Mayall, M. and O’Byrne, C. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”; 
Provided a real example of how the lens system could represent deep water turbidite reservoirs. 
 
 
Objective of Paper: 
To explain the principal types of turbidite reservoir geometries. 
 
 
Methodology used: 
Illustrated that there were four common types of channel stacking patterns in turbidite reservoirs, namely the multi-storey, 
shingled, multi-lateral and isolate.   
 
 
Conclusions reached: 
The lens models could be used to represent some of the channel stacking patterns in turbidite reservoirs.   
 
 
Comments: 
The ability for the lens models to represent the geometries of some deep water turbidite reservoirs indicated the relevance and 
practicality of our study. 
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High Mobility Ratio Waterflood Performance Prediction 
SPE Reservoir Evaluation and Engineering, 2008. 
 
 
Author: Kumar, M., Hoang, V.T., Satik, C. et al. 
 
 
Contribution to “When Does Heterogeneity Matter in Waterflooding?”; 
Demonstrated through reservoir simulation that M* was a more appropriate parameter compared to end point mobility ratio 
when analysing mobility ratio effects on recovery factor at breakthrough. 
 
Objective of Paper: 
To demonstrate that M* was a better parameter to describe the stability and characteristics of the flood front 
 
Methodology used: 
1. Used reservoir simulation results in the form of saturation maps to show that the movement of flood front was still stable 
even at high end-point mobility ratio, M >10. 
2. Used saturation maps to show that when M*>1, the flood front was in fact unstable. 
 
Conclusions reached: 
Flood front mobility ratio, M* would be used in our study rather than the end point mobility ratio. 
 
Comments: 
Flood front mobility ratio and end point mobility ratio are two parameters commonly used in evaluating performance of 
waterflood reservoirs. 
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APPENDIX B: Relative permeability and mobility ratio information 
 
 
Relative permeability in the study was generated based on Corey Correlation: 
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Table B- 1—Relative permeability table 
 
 
End point mobility ratio, Me was calculated with the formula below: 
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The flood front mobility ratio, M* was calculated using Eq.B3 with the parameters tabulated below. 
 
Table B- 2—Property table to calculate M* 
 
  
Parameter Nomenclature Value
End point oil relative 
permeability
kroend 0.8
End point water relative 
permeability
krwend 0.4
Irreducible water 
saturation
Swirr 0.2
Residual oil saturation Sor 0.15
Corey oil exponent no 2
Corey water exponent nw 2
Oil viscosity, cp
Water 
viscosity, cp
krwf krof kroend krwend
M*
0.6 0.6 0.266 0.027 0.8 0.4 0.37
1.2 0.6 0.200 0.068 0.8 0.4 0.59
2.4 0.6 0.137 0.138 0.8 0.4 0.86
4.8 0.6 0.080 0.245 0.8 0.4 1.1
7.2 0.6 0.059 0.303 0.8 0.4 1.27
9.6 0.6 0.046 0.350 0.8 0.4 1.35
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APPENDIX C: Fractional flow plot and displacement efficiency information 
 
 
 
Fig. C- 1—Fractional flow plot 
 
Table C- 1—Property table to calculate displacement efficiency 
Oil viscosity, cp 
Flood front 
mobility ratio, 
M* 
Shock front, % 
water saturation 
Shock front 
velocity, VSH 
Dimensionless 
oil produced, 
NPD 
Hydrocarbon 
Pore Volume, 
fraction 
Displacement 
Efficiency, DE 
0.6 0.37 73.0% 1.71 0.58 0.8 73.0% 
1.2 0.59 66.0% 1.86 0.54 0.8 67.3% 
2.4 0.86 57.6% 2.10 0.48 0.8 59.5% 
4.8 1.1 49.0% 2.49 0.40 0.8 50.2% 
7.2 1.27 44.6% 2.80 0.36 0.8 44.6% 
9.6 1.35 41.6% 3.08 0.33 0.8 40.6% 
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APPENDIX D: Grid sensitivity studies 
Sensitivities were run using four different grid sizes to determine the choice of grid that could run fairly quickly, while still 
able to accurately reflect the flow behaviour. These four grid sizes were: 
i) 20x20 
ii) 100x100 
iii) 200x200 
iv) 500x500 
 
Simulation results in the form of recovery factors and water breakthrough from the 500x500 grid were compared with the 
other three coarse models. Each grid size is run with four models as listed below: 
1. Low permeability contrast of 1.4 and low M* of 0.37 
2. Low permeability contrast of 1.4 and high M* of 1.35 
3. High permeability contrast of 1,500 and low M* of 0.37 
4. High permeability contrast of 1,500 and low M* of 1.35 
 
The four cases above represented the lowest and highest values of permeability ratio and M* used in our study. The results of 
the runs are shown in the subsequent figures:     
 
 
Fig. D- 1—Simulation results for four grid sizes (a) Recovery factor versus Pore Volume Injected (low permeability contrast and low 
M*) (b) Watercut versus Pore Volume Injected(low permeability ratio and low M*) (c) Recovery Factor versus Pore Volume Injected 
(low permeability ratio and high M*) (d)Watercut versus Pore Volume Injected(low permeability contrast and high M*) 
  
0%
10%
20%
30%
40%
50%
60%
70%
80%
0
.0
0
.2
0
.4
0
.6
0
.8
1
.0
1
.2
1
.4
1
.6
1
.8
2
.0
R
e
c
o
v
e
r
y
 F
a
c
to
r
 ,
%
Pore Volume Injected
RF_20x20 RF_100x100 RF_200x200 RF_500x500
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0
.0
0
.2
0
.4
0
.6
0
.8
1
.0
1
.2
1
.4
1
.6
1
.8
2
.0
W
a
te
r
c
u
t,
 %
Pore Volume Injected
Wcut_20x20 Wcut_100x100 Wcut_200x200 Wcut_500x500
a) b)
0%
10%
20%
30%
40%
50%
60%
70%
80%
0
.0
0
.2
0
.4
0
.6
0
.8
1
.0
1
.2
1
.4
1
.6
1
.8
2
.0
R
e
c
o
v
e
r
y
 F
a
c
to
r
 ,
%
Pore Volume Injected
RF_20x20 RF_100x100 RF_200x200 RF_500x500
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0
.0
0
.2
0
.4
0
.6
0
.8
1
.0
1
.2
1
.4
1
.6
1
.8
2
.0
W
a
te
r
c
u
t,
 %
Pore Volume Injected
Wcut_20x20 Wcut_100x100 Wcut_200x200 Wcut_500x500
c) d)
When does Heterogeneity Matter in Waterflooding?  29 
 
 
Fig. D- 2—Simulation results for four grid sizes (a) Recovery Factor versus Pore Volume Injected (high permeability contrast and 
low M*) (b) Watercut versus Pore Volume Injected (high permeability ratio and low M*) (c) Recovery Factor versus Pore Volume 
Injected (high permeability ratio and high M*) (d) Watercut versus Pore Volume Injected (high permeability contrast and high M*) 
 
The following tables show the differences of the recovery factors at water breakthrough for each of the coarse model 
versus the fine 500x500 grid. The run time for each case and each model are also tabulated below. 
 
Table D- 1—Recovery factors and run time information for low permeability contrast and low M* case 
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Grid Size
RF @ Water Breakthrough 
(WBT)
RF @ WBT: Coarse vs. Fine Grid Run Time, Sec
20x20 64.6% 6.6% 2.1
100x100 69.9% 2.5% 8.1
200x200 71.2% 1.1% 130.9
500x500 72.4% 0.0% 912.1
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Table D- 2— Recovery factors and run time information for low permeability contrast and high M* case 
 
 
Table D- 3—Recovery factors and run time information for high permeability contrast and low M* case 
 
 
Table D- 4—Recovery factors and run time information for high permeability contrast and high M* case 
 
 
The summary table below shows the delta recovery factors and run time which have been averaged based on the 
individual simulation runs listed the beginning of Appendix D. 
 
Table D- 5— Average of recovery factor difference and run time based on the simulation of the four cases with different grid sizes 
 
 
From Table D- 5, the 200x200 was deemed to be the best grid size for further sensitivity runs required in our study. 
Among the coarse models, the 200x200 grid recorded the smallest amount of recovery factor difference with the 500x500 
grid. The average difference in recovery factor versus the fine grid model was approximately 1.5%. This difference was 
incorporated into the recovery factor uncertainty range during the process of classifying homogeneous reservoirs, as 
discussed in the Results section.  
Furthermore, it was fairly quick to run the 200x200 models. On average, it took about 2.6 minutes to run with the 
200x200 model compared to a much longer time of 22.6 minutes to run with the 500x500 model.  
  
Grid Size RF @ WBT RF @ WBT: Coarse vs. Fine Grid Run Time, Sec
20x20 31.1% 4.4% 2.4
100x100 34.3% 2.6% 6.7
200x200 35.5% 1.3% 178.6
500x500 36.8% 0.0% 1010.2
Grid Size
RF @ Water Breakthrough 
(WBT)
RF @ WBT: Coarse vs. Fine Grid Run Time, Sec
20x20 56.0% 6.3% 2.4
100x100 59.7% 3.1% 7.9
200x200 61.3% 1.4% 153.3
500x500 62.1% 1955.0
Grid Size
RF @ Water Breakthrough 
(WBT)
RF @ WBT: Coarse vs. Fine Grid Run Time, Sec
20x20 26.2% 5.2% 2.3
100x100 29.9% 2.9% 7.2
200x200 31.4% 1.4% 154.6
500x500 32.8% 1551.0
Grid Size % Ave Difference per case Ave run time per case, Sec
20 5.6% 2.3
100 2.7% 7.5
200 1.3% 154.4
500 1357.1
When does Heterogeneity Matter in Waterflooding?  31 
 
APPENDIX E: Recovery factor, sweep efficiency and F parameter tables 
 
 
 
Table E- 1—Sweep efficiency and F parameter for lens aspect ratio=0.38 
 
 
 
 
Table E- 2— Recovery factor for lens aspect ratio=0.38 
 
 
  
 
 
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
contrast
500 750,000 1500.0 92.9% 92.0% 91.1% 90.1% 88.9% 88.5% 1.56 1.78 2.05 2.29 2.46 2.55
500 500,000 1000.0 92.9% 92.0% 91.1% 90.1% 88.9% 88.5% 1.49 1.71 1.98 2.23 2.39 2.48
500 50,000 100.0 93.3% 92.5% 91.1% 90.1% 88.9% 88.5% 1.12 1.34 1.61 1.85 2.02 2.10
500 25,000 50.0 93.3% 92.5% 91.6% 90.1% 89.5% 88.5% 1.00 1.22 1.49 1.74 1.90 1.99
500 10,000 20.0 94.2% 92.9% 91.6% 90.6% 89.5% 88.5% 0.85 1.07 1.34 1.59 1.75 1.84
500 5,000 10.0 95.4% 93.4% 92.1% 90.7% 89.6% 89.2% 0.74 0.96 1.23 1.48 1.64 1.73
500 4,000 8.0 95.9% 93.9% 92.1% 90.7% 89.6% 89.2% 0.71 0.92 1.19 1.44 1.60 1.69
500 2,500 5.0 97.5% 94.8% 93.1% 91.3% 90.2% 89.9% 0.63 0.85 1.12 1.37 1.53 1.62
500 1,667 3.3 98.0% 96.2% 93.7% 91.9% 90.9% 90.0% 0.56 0.78 1.05 1.30 1.46 1.55
500 1,000 2.0 98.0% 97.1% 95.2% 93.1% 92.3% 91.5% 0.48 0.70 0.97 1.22 1.38 1.47
500 714 1.4 98.4% 97.5% 96.3% 94.4% 93.0% 92.3% 0.42 0.64 0.91 1.16 1.32 1.41
05 1 2 4 6 8 05 1 2 4 6 8
Flood Front Mobility Ratio (M*)
End point mobility ratio (M)
Flood Front Mobility Ratio (M*)
End point mobility ratio (M)
F ParameterSweep Efficiency at Breakthrough
0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
contrast
500 750,000 1500.0 67.8% 61.9% 54.2% 45.2% 39.6% 35.9%
500 500,000 1000.0 67.8% 61.9% 54.2% 45.2% 39.6% 35.9%
500 50,000 100.0 68.1% 62.2% 54.2% 45.2% 39.6% 35.9%
500 25,000 50.0 68.1% 62.2% 54.5% 45.2% 39.9% 35.9%
500 10,000 20.0 68.7% 62.5% 54.5% 45.5% 39.9% 35.9%
500 5,000 10.0 69.7% 62.9% 54.8% 45.5% 39.9% 36.2%
500 4,000 8.0 70.0% 63.2% 54.8% 45.5% 39.9% 36.2%
500 2,500 5.0 71.2% 63.8% 55.4% 45.8% 40.3% 36.5%
500 1,667 3.3 71.5% 64.7% 55.7% 46.1% 40.6% 36.5%
500 1,000 2.0 71.5% 65.3% 56.7% 46.8% 41.2% 37.1%
500 714 1.4 71.8% 65.6% 57.3% 47.4% 41.5% 37.5%
05 1 2 4 6 8
End point mobility ratio (M)
Flood Front Mobility Ratio (M*)
Recovery factor at breakthrough
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Table E- 3—Sweep efficiency and F parameter for lens aspect ratio=0.67 
 
 
 
 
 
 
 
Table E- 4— Recovery factor for lens aspect ratio=0.67 
 
 
 
  
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
Contrast
500 750,000 1500.0 84.4% 83.3% 82.2% 80.8% 79.2% 78.5% 2.49 2.71 2.98 3.23 3.39 3.48
500 500,000 1000.0 84.4% 83.3% 82.2% 80.8% 79.2% 78.5% 2.38 2.60 2.87 3.11 3.28 3.36
500 50,000 100.0 84.8% 83.7% 82.2% 80.8% 79.8% 78.6% 1.71 1.93 2.20 2.44 2.61 2.69
500 25,000 50.0 85.3% 83.7% 82.2% 80.8% 79.8% 78.6% 1.50 1.72 1.99 2.24 2.40 2.49
500 10,000 20.0 87.0% 84.7% 83.2% 81.4% 79.8% 79.3% 1.24 1.46 1.73 1.97 2.14 2.23
500 5,000 10.0 89.9% 86.5% 84.3% 82.0% 81.2% 80.1% 1.04 1.26 1.53 1.77 1.94 2.02
500 4,000 8.0 91.6% 87.4% 84.8% 82.7% 81.2% 80.8% 0.97 1.19 1.46 1.71 1.87 1.96
500 2,500 5.0 96.3% 90.2% 86.4% 83.9% 82.6% 81.6% 0.83 1.05 1.32 1.57 1.73 1.82
500 1,667 3.3 98.0% 93.8% 89.0% 85.7% 84.0% 83.1% 0.72 0.94 1.21 1.45 1.62 1.70
500 1,000 2.0 98.0% 97.1% 93.2% 89.4% 87.5% 86.2% 0.57 0.79 1.06 1.30 1.47 1.56
500 714 1.4 98.4% 97.5% 95.8% 92.5% 90.3% 89.2% 0.47 0.69 0.96 1.21 1.37 1.46
05 1 2 4 6 8 05 1 2 4 6 8
Flood Front Mobility Ratio (M*)
End point mobility ratio (M)
Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough F Parameter
End point mobility ratio (M)
0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
Contrast
500 750,000 1500.0 61.6% 56.0% 48.9% 40.5% 35.3% 31.9%
500 500,000 1000.0 61.6% 56.0% 48.9% 40.5% 35.3% 31.9%
500 50,000 100.0 61.9% 56.3% 48.9% 40.6% 35.6% 31.9%
500 25,000 50.0 62.2% 56.4% 48.9% 40.6% 35.6% 31.9%
500 10,000 20.0 63.5% 57.0% 49.5% 40.9% 35.6% 32.2%
500 5,000 10.0 65.7% 58.2% 50.2% 41.2% 36.2% 32.5%
500 4,000 8.0 66.9% 58.8% 50.5% 41.5% 36.2% 32.8%
500 2,500 5.0 70.3% 60.7% 51.4% 42.1% 36.8% 33.1%
500 1,667 3.3 71.5% 63.2% 52.9% 43.0% 37.5% 33.7%
500 1,000 2.0 71.5% 65.3% 55.4% 44.9% 39.0% 35.0%
500 714 1.4 71.8% 65.6% 57.0% 46.4% 40.3% 36.2%
05 1 2 4 6 8
End point mobility ratio (M)
Recovery factor at breakthrough
Flood Front Mobility Ratio (M*)
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Table E- 5—Sweep efficiency and F parameter for lens aspect ratio=0.67 
 
 
 
 
Table E- 6— Recovery factor for lens aspect ratio=0.67 
 
 
  
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD Perm Contrast
500 750,000      1500.0 66.2% 64.9% 63.0% 61.1% 59.7% 58.7% 5.13 5.35 5.62 5.87 6.03 6.12
500 500,000 1000.0 66.2% 64.9% 63.0% 61.1% 59.7% 58.7% 4.87 5.09 5.36 5.60 5.77 5.85
500 50,000 100.0 67.4% 65.3% 63.5% 61.7% 60.4% 59.5% 3.37 3.59 3.86 4.10 4.27 4.35
500 25,000 50.0 68.3% 66.2% 64.0% 61.7% 60.4% 59.5% 2.91 3.13 3.40 3.65 3.81 3.90
500 10,000 20.0 71.7% 68.1% 65.5% 62.9% 61.8% 61.0% 2.32 2.54 2.81 3.05 3.22 3.31
500 5,000 10.0 78.1% 71.8% 67.7% 64.8% 63.2% 62.5% 1.87 2.09 2.36 2.60 2.77 2.85
500 4,000 8.0 81.0% 73.6% 69.2% 66.0% 64.5% 63.3% 1.72 1.94 2.21 2.46 2.62 2.71
500 2,500 5.0 90.3% 79.1% 72.9% 69.1% 67.3% 66.3% 1.41 1.63 1.90 2.15 2.31 2.40
500 1,667 3.3 97.9% 86.0% 77.6% 72.8% 70.8% 69.4% 1.15 1.37 1.64 1.89 2.05 2.14
500 1,000 2.0 98.0% 96.6% 86.9% 80.8% 77.8% 76.2% 0.82 1.04 1.31 1.55 1.72 1.81
500 714 1.4 98.2% 97.1% 94.2% 88.2% 84.7% 83.1% 0.60 0.82 1.09 1.34 1.50 1.59
05 1 2 4 6 8 05 1 2 4 6 8
F Parameter
Flood Front Mobility Ratio (M*)
End point mobility ratio (M)End point mobility ratio (M)
Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough
0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD Perm Contrast
500 750,000      1500.0 48.3% 43.7% 37.5% 30.7% 26.6% 23.8%
500 500,000 1000.0 48.3% 43.7% 37.5% 30.7% 26.6% 23.8%
500 50,000 100.0 49.2% 44.0% 37.8% 30.9% 26.9% 24.1%
500 25,000 50.0 49.9% 44.6% 38.1% 31.0% 26.9% 24.2%
500 10,000 20.0 52.3% 45.8% 39.0% 31.6% 27.5% 24.8%
500 5,000 10.0 57.0% 48.3% 40.3% 32.5% 28.2% 25.4%
500 4,000 8.0 59.2% 49.5% 41.2% 33.1% 28.8% 25.7%
500 2,500 5.0 65.9% 53.3% 43.3% 34.7% 30.0% 26.9%
500 1,667 3.3 71.5% 57.9% 46.1% 36.5% 31.6% 28.2%
500 1,000 2.0 71.5% 65.0% 51.7% 40.6% 34.7% 31.0%
500 714 1.4 71.7% 65.3% 56.1% 44.3% 37.8% 33.7%
05 1 2 4 6 8
Flood Front Mobility Ratio (M*)
Recovery Factor at Breakthrough
End point mobility ratio (M)
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APPENDIX F: R M* to screen homogeneous group 
 
Attempts to use permeability contrast, R M* to screen the homogeneous group was unsuccessful. No common R M* was 
obtained for sweep efficiency values above 93.5%. 
 
 
 
 
Fig. F- 1—Sweep efficiency versus R M* for lens aspect ratio = 0.38, 0.67, 1.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
70%
75%
80%
85%
90%
95%
100%
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
S
w
e
e
p
 E
ff
ic
ie
n
c
y
Screening Parameter R M*, dimensionless number
AR=0.38; M*≤1
AR=0.38; M*>1
AR=0.67; M*≤1
AR=0.67; M*>1
50%
60%
70%
80%
90%
100%
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
S
w
e
e
p
 E
ff
ic
ie
n
c
y
Screening Parameter R M*, dimensionless number
AR=1.5; M*≤1
AR=1.5; M*>1
When does Heterogeneity Matter in Waterflooding?  35 
 
Table F- 1—Sweep efficiency and R M* for lens aspect ratio = 0.38  
 
 
 
 
  Table F- 2—Sweep efficiency and R M* for lens aspect ratio = 0.67  
 
 
 
 
Table F- 3—Sweep efficiency and R M* for lens aspect ratio = 1.5  
 
 
  
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
contrast
500 750,000 1500 92.9% 92.0% 91.1% 90.1% 88.9% 88.5% 549.8 879.4 1284.1 1654.4 1899.4 2031.1
500 500,000 1000 92.9% 92.0% 91.1% 90.1% 88.9% 88.5% 366.5 586.3 856.1 1103.0 1266.3 1354.1
500 50,000 100 93.3% 92.5% 91.1% 90.1% 88.9% 88.5% 36.7 58.6 85.6 110.3 126.6 135.4
500 25,000 50 93.3% 92.5% 91.6% 90.1% 89.5% 88.5% 18.3 29.3 42.8 55.1 63.3 67.7
500 10,000 20 94.2% 92.9% 91.6% 90.6% 89.5% 88.5% 7.3 11.7 17.1 22.1 25.3 27.1
500 5,000 10 95.4% 93.4% 92.1% 90.7% 89.6% 89.2% 3.7 5.9 8.6 11.0 12.7 13.5
500 4,000 8 95.9% 93.9% 92.1% 90.7% 89.6% 89.2% 2.9 4.7 6.8 8.8 10.1 10.8
500 2,500 5 97.5% 94.8% 93.1% 91.3% 90.2% 89.9% 1.8 2.9 4.3 5.5 6.3 6.8
500 1,667 3 98.0% 96.2% 93.7% 91.9% 90.9% 90.0% 1.2 2.0 2.9 3.7 4.2 4.5
500 1,000 2 98.0% 97.1% 95.2% 93.1% 92.3% 91.5% 0.7 1.2 1.7 2.2 2.5 2.7
500 714 1.4 98.4% 97.5% 96.3% 94.4% 93.0% 92.3% 0.5 0.8 1.2 1.6 1.8 1.9
Flood Front Mobility Ratio (M*) Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough RxM*
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
Contrast
500 750,000 1500.0 84.4% 83.3% 82.2% 80.8% 79.2% 78.5% 549.8 879.4 1284.1 1654.4 1899.4 2031.1
500 500,000 1000.0 84.4% 83.3% 82.2% 80.8% 79.2% 78.5% 366.5 586.3 856.1 1103.0 1266.3 1354.1
500 50,000 100.0 84.8% 83.7% 82.2% 80.8% 79.8% 78.6% 36.7 58.6 85.6 110.3 126.6 135.4
500 25,000 50.0 85.3% 83.7% 82.2% 80.8% 79.8% 78.6% 18.3 29.3 42.8 55.1 63.3 67.7
500 10,000 20.0 87.0% 84.7% 83.2% 81.4% 79.8% 79.3% 7.3 11.7 17.1 22.1 25.3 27.1
500 5,000 10.0 89.9% 86.5% 84.3% 82.0% 81.2% 80.1% 3.7 5.9 8.6 11.0 12.7 13.5
500 4,000 8.0 91.6% 87.4% 84.8% 82.7% 81.2% 80.8% 2.9 4.7 6.8 8.8 10.1 10.8
500 2,500 5.0 96.3% 90.2% 86.4% 83.9% 82.6% 81.6% 1.8 2.9 4.3 5.5 6.3 6.8
500 1,667 3.3 98.0% 93.8% 89.0% 85.7% 84.0% 83.1% 1.2 2.0 2.9 3.7 4.2 4.5
500 1,000 2.0 98.0% 97.1% 93.2% 89.4% 87.5% 86.2% 0.7 1.2 1.7 2.2 2.5 2.7
500 714 1.4 98.4% 97.5% 95.8% 92.5% 90.3% 89.2% 0.5 0.8 1.2 1.6 1.8 1.9
Flood Front Mobility Ratio (M*) Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough RxM*
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD Perm Contrast
500 750,000      1500 66.2% 64.9% 63.0% 61.1% 59.7% 58.7% 549.8 879.4 1284.1 1654.4 1899.4 2031.1
500 500,000 1000 66.2% 64.9% 63.0% 61.1% 59.7% 58.7% 366.5 586.3 856.1 1103.0 1266.3 1354.1
500 50,000 100 67.4% 65.3% 63.5% 61.7% 60.4% 59.5% 36.7 58.6 85.6 110.3 126.6 135.4
500 25,000 50 68.3% 66.2% 64.0% 61.7% 60.4% 59.5% 18.3 29.3 42.8 55.1 63.3 67.7
500 10,000 20 71.7% 68.1% 65.5% 62.9% 61.8% 61.0% 7.3 11.7 17.1 22.1 25.3 27.1
500 5,000 10 78.1% 71.8% 67.7% 64.8% 63.2% 62.5% 3.7 5.9 8.6 11.0 12.7 13.5
500 4,000 8 81.0% 73.6% 69.2% 66.0% 64.5% 63.3% 2.9 4.7 6.8 8.8 10.1 10.8
500 2,500 5 90.3% 79.1% 72.9% 69.1% 67.3% 66.3% 1.8 2.9 4.3 5.5 6.3 6.8
500 1,667 3 97.9% 86.0% 77.6% 72.8% 70.8% 69.4% 1.2 2.0 2.9 3.7 4.2 4.5
500 1,000 2 98.0% 96.6% 86.9% 80.8% 77.8% 76.2% 0.7 1.2 1.7 2.2 2.5 2.7
500 714 1.4 98.2% 97.1% 94.2% 88.2% 84.7% 83.1% 0.5 0.8 1.2 1.6 1.8 1.9
Flood Front Mobility Ratio (M*) Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough RxM*
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APPENDIX G: Parameter G to screen homogeneous group 
 
Attempts to use the dimensionless parameter G to screen the homogeneous group was unsuccessful. No common G value 
was obtained for sweep efficiency values above 93.5%. 
 
The equation for parameter G as follows: 
  √                                             ….…..………………………………………….…(G.1) 
 
 
Fig.G- 1—Sweep efficiency versus G for lens aspect ratio = 0.38, 0.67, 1.5 
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Table G- 1— Sweep efficiency and G for lens aspect ratio = 0.38 
 
 
 
Table G- 2— Sweep efficiency and G for lens aspect ratio = 0.67 
 
 
 
 
Table G- 3— Sweep efficiency and G for lens aspect ratio = 1.5 
 
  
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
contrast
500 750,000 1500 92.9% 92.0% 91.1% 90.1% 88.9% 88.5% 14.9 15.1 15.4 15.6 15.8 15.9
500 500,000 1000 92.9% 92.0% 91.1% 90.1% 88.9% 88.5% 12.2 12.4 12.7 13.0 13.1 13.2
500 50,000 100 93.3% 92.5% 91.1% 90.1% 88.9% 88.5% 4.1 4.3 4.6 4.9 5.0 5.1
500 25,000 50 93.3% 92.5% 91.6% 90.1% 89.5% 88.5% 3.0 3.2 3.5 3.8 3.9 4.0
500 10,000 20 94.2% 92.9% 91.6% 90.6% 89.5% 88.5% 2.0 2.3 2.5 2.8 2.9 3.0
500 5,000 10 95.4% 93.4% 92.1% 90.7% 89.6% 89.2% 1.6 1.8 2.0 2.3 2.5 2.5
500 4,000 8 95.9% 93.9% 92.1% 90.7% 89.6% 89.2% 1.4 1.6 1.9 2.2 2.3 2.4
500 2,500 5 97.5% 94.8% 93.1% 91.3% 90.2% 89.9% 1.2 1.4 1.7 1.9 2.1 2.2
500 1,667 3 98.0% 96.2% 93.7% 91.9% 90.9% 90.0% 1.1 1.3 1.5 1.8 2.0 2.0
500 1,000 2 98.0% 97.1% 95.2% 93.1% 92.3% 91.5% 0.9 1.1 1.4 1.6 1.8 1.9
500 714 1.4 98.4% 97.5% 96.3% 94.4% 93.0% 92.3% 0.8 1.0 1.3 1.6 1.7 1.8
Flood Front Mobility Ratio (M*) Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough G
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD
Perm 
Contrast
500 750,000 1500.0 84.4% 83.3% 82.2% 80.8% 79.2% 78.5% 26.3 26.5 26.8 27.1 27.2 27.3
500 500,000 1000.0 84.4% 83.3% 82.2% 80.8% 79.2% 78.5% 21.6 21.8 22.0 22.3 22.5 22.5
500 50,000 100.0 84.8% 83.7% 82.2% 80.8% 79.8% 78.6% 7.1 7.3 7.6 7.8 8.0 8.1
500 25,000 50.0 85.3% 83.7% 82.2% 80.8% 79.8% 78.6% 5.1 5.3 5.6 5.8 6.0 6.1
500 10,000 20.0 87.0% 84.7% 83.2% 81.4% 79.8% 79.3% 3.4 3.6 3.9 4.1 4.3 4.4
500 5,000 10.0 89.9% 86.5% 84.3% 82.0% 81.2% 80.1% 2.5 2.7 3.0 3.2 3.4 3.5
500 4,000 8.0 91.6% 87.4% 84.8% 82.7% 81.2% 80.8% 2.3 2.5 2.8 3.0 3.2 3.2
500 2,500 5.0 96.3% 90.2% 86.4% 83.9% 82.6% 81.6% 1.9 2.1 2.4 2.6 2.8 2.9
500 1,667 3.3 98.0% 93.8% 89.0% 85.7% 84.0% 83.1% 1.6 1.8 2.1 2.3 2.5 2.6
500 1,000 2.0 98.0% 97.1% 93.2% 89.4% 87.5% 86.2% 1.3 1.5 1.8 2.1 2.2 2.3
500 714 1.4 98.4% 97.5% 95.8% 92.5% 90.3% 89.2% 1.2 1.4 1.7 1.9 2.1 2.2
Flood Front Mobility Ratio (M*) Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough G
0.37 0.59 0.86 1.10 1.27 1.35 0.37 0.59 0.86 1.10 1.27 1.35
k1, mD k2, mD Perm Contrast
500 750,000      1500 66.2% 64.9% 63.0% 61.1% 59.7% 58.7% 58.5 58.7 59.0 59.2 59.4 59.4
500 500,000 1000 66.2% 64.9% 63.0% 61.1% 59.7% 58.7% 47.8 48.0 48.3 48.5 48.7 48.8
500 50,000 100 67.4% 65.3% 63.5% 61.7% 60.4% 59.5% 15.4 15.6 15.9 16.1 16.3 16.4
500 25,000 50 68.3% 66.2% 64.0% 61.7% 60.4% 59.5% 11.0 11.2 11.5 11.7 11.9 12.0
500 10,000 20 71.7% 68.1% 65.5% 62.9% 61.8% 61.0% 7.1 7.3 7.6 7.8 8.0 8.1
500 5,000 10 78.1% 71.8% 67.7% 64.8% 63.2% 62.5% 5.1 5.3 5.6 5.8 6.0 6.1
500 4,000 8 81.0% 73.6% 69.2% 66.0% 64.5% 63.3% 4.6 4.8 5.1 5.3 5.5 5.6
500 2,500 5 90.3% 79.1% 72.9% 69.1% 67.3% 66.3% 3.7 3.9 4.2 4.5 4.6 4.7
500 1,667 3 97.9% 86.0% 77.6% 72.8% 70.8% 69.4% 3.1 3.3 3.6 3.8 4.0 4.1
500 1,000 2 98.0% 96.6% 86.9% 80.8% 77.8% 76.2% 2.5 2.7 3.0 3.2 3.4 3.5
500 714 1.4 98.2% 97.1% 94.2% 88.2% 84.7% 83.1% 2.2 2.4 2.6 2.9 3.1 3.1
Flood Front Mobility Ratio (M*) Flood Front Mobility Ratio (M*)
Sweep Efficiency at Breakthrough G
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APPENDIX H: Q&A Post Examiners’ Comments 
 
Q: Intermediate is very similar to heterogeneous, could a case with more contrast be chosen? 
 
A: Due to time constraint, no other pairing from the intermediate group was chosen for sensitivity runs in the dual lens 
system. To further investigate the orientation and lens separation effects, more cases belonging to the intermediate group can 
be run in the simulation. I suggest running additional cases from the intermediate group with lower permeability contrast. The 
intermediate cases with higher permeability contrast are expected to exhibit behaviour similar to the heterogeneous group.    
 
Q: Why some cases with M*<1 did not behave homogeneously? 
 
A: In all flood front mobility ratio (stable and unstable cases) considered in our studies, there was always a threshold 
permeability contrast that was sufficiently high to focus most of the injected water into the channels. Unlike the 
homogeneous system where we were able to identify the dimensionless parameter F for classification purposes, we were 
unable to find a single dimensionless parameter that could combine the effects of permeability contrast, lens aspect ratio and 
M* to be used in the classification of the heterogeneous system. Based on observation from our studies, when permeability 
contrast ≥50, the system started behaving heterogeneously (stabilising at minimum sweep efficiency values).    
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APPENDIX I: Eclipse Data File 
Data file for case of 200x200 grid; lens permeability of 714 md and oil viscosity of 9.6cp 
 
RUNSPEC  
TITLE  
Waterflood 2D 
  
-- Specify dimension of model, NX, NY, NZ  
DIMENS  
-- NX NY NZ  
 200 200 1 /  
 
NSTACK 
100 / 
 
NINEPOIN 
  
-- Phases included (oil and water, i.e. 2-phase run)  
OIL  
WATER  
  
-- Units to use 
FIELD  
 
UNIFIN 
UNIFOUT 
 
 
TABDIMS 
    1    1   70   20    5   20 / 
  
--TABDIMS 
-- to define max # of regions 
-- NTSFUN NTPVT NSSFUN NPPVT NTFIP NRPVT 
--5 1 20 20 1 20 / 
  
-- Specify maximum values for well data  
WELLDIMS  
-- #wells #cell-connections  
 5 200 5 5 /  
  
-- Start date, i.e. “Day 0” in simulation  
START  
 1 JAN 2015 /  
  
GRID  
-- Turn off writing of data to report file  
NOECHO  
  
-- Definition of grid cells. From DIMENS keyword above, we have:  
-- N = NX*NY*NZ = 100*100*1 = 10.000.  
-- In each cell DX = 16.405; DY = 328.1 ft and DZ = 3281 ft  
 
DX  
40000*0.82025 /  
DY  
40000*16.405 /  
DZ  
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40000*3281 /    
  
-- define reservoir top depth (measured from sea level)   
TOPS  
40000*9186.8 /  
  
-- Permeabilities & porosities are constant 
PERMX  
 40000*500 /  
PERMY  
 40000*500 /  
PERMZ  
 40000*500 /  
  
PORO  
 40000*0.2   
  /  
 
BOX  
1 200 1 5 1 1 / 
 
PERMX 
566 574 431 474 514 537 569 463 
476 558 483 523 544 480 456 517 
553 513 464 470 466 498 470 529 
558 565 545 426 465 571 523 501 
504 455 536 555 516 476 510 458 
465 433 441 506 564 452 543 526 
484 557 573 438 429 552 451 451 
488 479 493 535 479 545 535 547 
437 460 522 436 474 564 553 487 
463 555 536 561 565 464 509 490 
506 432 441 550 471 555 548 432 
529 502 570 472 549 519 527 553 
519 511 553 514 506 485 545 503 
444 469 551 467 475 456 503 470 
455 458 503 440 453 503 482 527 
465 529 575 429 457 481 541 544 
480 530 450 508 430 518 521 503 
459 565 538 513 468 510 517 504 
440 470 516 483 571 442 487 542 
524 523 463 528 553 436 471 475 
444 509 481 444 512 442 491 501 
561 479 488 532 455 459 496 505 
543 501 532 496 472 485 514 530 
469 444 531 451 511 492 497 507 
505 488 542 575 495 426 539 568 
483 428 465 455 546 448 475 467 
548 455 487 547 478 475 573 527 
449 546 552 469 563 470 574 495 
485 527 437 554 539 505 475 431 
509 429 470 561 493 517 493 442 
555 556 552 572 564 543 512 425 
444 548 443 574 507 536 467 472 
446 494 518 568 468 448 540 511 
463 561 509 504 558 463 494 442 
445 513 535 490 457 567 548 459 
534 472 462 542 495 470 464 544 
486 473 552 452 435 503 507 434 
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453 429 446 574 453 427 531 440 
486 557 567 469 480 556 571 554 
494 477 474 467 537 503 511 458 
509 509 461 529 511 459 430 450 
428 568 543 562 428 549 537 483 
511 521 427 482 473 467 547 512 
510 483 490 541 538 566 432 448 
530 483 478 558 429 491 507 570 
471 519 526 465 446 520 546 557 
463 573 425 470 520 465 426 439 
505 518 436 473 467 462 564 556 
438 456 429 533 551 514 498 496 
472 574 472 502 515 535 521 539 
503 567 459 515 525 569 542 529 
439 569 432 465 463 467 511 454 
458 481 555 549 513 429 444 525 
493 537 452 475 447 525 517 492 
569 475 534 501 483 498 549 544 
530 550 527 427 432 559 511 427 
486 484 509 521 468 555 465 475 
443 562 539 560 471 499 527 426 
495 535 461 454 554 504 546 520 
534 429 481 443 466 432 432 533 
454 532 511 539 498 492 444 550 
444 496 485 438 485 546 435 504 
550 443 459 428 437 449 550 476 
547 458 510 555 437 541 518 430 
569 534 541 430 472 460 520 564 
558 517 483 458 454 537 524 429 
476 455 553 433 562 479 457 485 
436 478 566 486 540 572 522 518 
562 461 533 446 432 573 536 475 
545 573 450 452 436 488 513 470 
509 468 438 570 481 471 510 523 
434 430 528 520 526 538 549 532 
574 544 561 573 500 529 491 492 
436 466 494 497 562 530 427 437 
538 453 482 532 473 543 526 443 
565 509 446 575 520 446 514 491 
457 555 432 462 451 485 542 427 
530 432 433 448 498 482 528 564 
569 551 537 501 451 532 501 432 
502 540 427 517 429 459 571 455 
547 442 438 485 474 540 563 534 
511 533 551 568 482 504 460 534 
460 488 441 473 540 443 525 477 
425 477 465 445 526 482 478 500 
433 530 568 564 472 487 570 517 
429 537 450 561 480 456 474 533 
552 485 491 528 563 499 481 536 
490 445 534 540 553 452 446 452 
437 562 506 537 500 530 473 456 
567 527 556 459 444 429 428 494 
427 526 485 523 532 533 537 534 
429 540 558 564 485 440 447 559 
529 544 572 497 563 464 575 494 
545 473 514 572 450 571 567 509 
496 425 473 476 482 475 515 467 
562 500 521 552 532 538 536 505 
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449 477 488 508 571 441 510 497 
494 439 482 556 427 467 442 554 
521 449 571 562 474 568 466 534 
538 436 444 518 515 501 554 537 
487 486 527 460 538 425 499 435 
531 508 536 533 562 454 565 532 
434 527 455 571 496 542 512 539 
509 504 465 554 494 530 494 460 
489 460 466 477 510 475 477 485 
570 504 474 426 487 564 549 547 
502 490 514 435 507 431 496 540 
452 497 517 427 547 443 511 568 
491 435 549 569 553 575 431 451 
430 457 544 573 458 496 481 517 
450 448 459 448 511 476 509 481 
561 483 562 443 517 528 537 439 
505 532 433 428 465 566 431 470 
463 534 525 481 457 516 447 545 
496 492 496 490 439 565 478 445 
494 502 498 511 517 454 530 473 
455 535 503 493 489 571 506 449 
503 488 485 443 517 527 567 477 
466 522 503 550 526 556 426 469 
499 532 546 437 552 521 434 460 
446 462 557 568 524 430 443 569 
496 495 519 498 535 515 565 454 
477 499 454 533 563 431 442 566 
497 449 528 533 437 538 467 433 
514 472 532 468 504 508 512 559 
 
 
 
 / 
 
PERMY 
566 574 431 474 514 537 569 463 
476 558 483 523 544 480 456 517 
553 513 464 470 466 498 470 529 
558 565 545 426 465 571 523 501 
504 455 536 555 516 476 510 458 
465 433 441 506 564 452 543 526 
484 557 573 438 429 552 451 451 
488 479 493 535 479 545 535 547 
437 460 522 436 474 564 553 487 
463 555 536 561 565 464 509 490 
506 432 441 550 471 555 548 432 
529 502 570 472 549 519 527 553 
519 511 553 514 506 485 545 503 
444 469 551 467 475 456 503 470 
455 458 503 440 453 503 482 527 
465 529 575 429 457 481 541 544 
480 530 450 508 430 518 521 503 
459 565 538 513 468 510 517 504 
440 470 516 483 571 442 487 542 
524 523 463 528 553 436 471 475 
444 509 481 444 512 442 491 501 
561 479 488 532 455 459 496 505 
543 501 532 496 472 485 514 530 
469 444 531 451 511 492 497 507 
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505 488 542 575 495 426 539 568 
483 428 465 455 546 448 475 467 
548 455 487 547 478 475 573 527 
449 546 552 469 563 470 574 495 
485 527 437 554 539 505 475 431 
509 429 470 561 493 517 493 442 
555 556 552 572 564 543 512 425 
444 548 443 574 507 536 467 472 
446 494 518 568 468 448 540 511 
463 561 509 504 558 463 494 442 
445 513 535 490 457 567 548 459 
534 472 462 542 495 470 464 544 
486 473 552 452 435 503 507 434 
453 429 446 574 453 427 531 440 
486 557 567 469 480 556 571 554 
494 477 474 467 537 503 511 458 
509 509 461 529 511 459 430 450 
428 568 543 562 428 549 537 483 
511 521 427 482 473 467 547 512 
510 483 490 541 538 566 432 448 
530 483 478 558 429 491 507 570 
471 519 526 465 446 520 546 557 
463 573 425 470 520 465 426 439 
505 518 436 473 467 462 564 556 
438 456 429 533 551 514 498 496 
472 574 472 502 515 535 521 539 
503 567 459 515 525 569 542 529 
439 569 432 465 463 467 511 454 
458 481 555 549 513 429 444 525 
493 537 452 475 447 525 517 492 
569 475 534 501 483 498 549 544 
530 550 527 427 432 559 511 427 
486 484 509 521 468 555 465 475 
443 562 539 560 471 499 527 426 
495 535 461 454 554 504 546 520 
534 429 481 443 466 432 432 533 
454 532 511 539 498 492 444 550 
444 496 485 438 485 546 435 504 
550 443 459 428 437 449 550 476 
547 458 510 555 437 541 518 430 
569 534 541 430 472 460 520 564 
558 517 483 458 454 537 524 429 
476 455 553 433 562 479 457 485 
436 478 566 486 540 572 522 518 
562 461 533 446 432 573 536 475 
545 573 450 452 436 488 513 470 
509 468 438 570 481 471 510 523 
434 430 528 520 526 538 549 532 
574 544 561 573 500 529 491 492 
436 466 494 497 562 530 427 437 
538 453 482 532 473 543 526 443 
565 509 446 575 520 446 514 491 
457 555 432 462 451 485 542 427 
530 432 433 448 498 482 528 564 
569 551 537 501 451 532 501 432 
502 540 427 517 429 459 571 455 
547 442 438 485 474 540 563 534 
511 533 551 568 482 504 460 534 
460 488 441 473 540 443 525 477 
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425 477 465 445 526 482 478 500 
433 530 568 564 472 487 570 517 
429 537 450 561 480 456 474 533 
552 485 491 528 563 499 481 536 
490 445 534 540 553 452 446 452 
437 562 506 537 500 530 473 456 
567 527 556 459 444 429 428 494 
427 526 485 523 532 533 537 534 
429 540 558 564 485 440 447 559 
529 544 572 497 563 464 575 494 
545 473 514 572 450 571 567 509 
496 425 473 476 482 475 515 467 
562 500 521 552 532 538 536 505 
449 477 488 508 571 441 510 497 
494 439 482 556 427 467 442 554 
521 449 571 562 474 568 466 534 
538 436 444 518 515 501 554 537 
487 486 527 460 538 425 499 435 
531 508 536 533 562 454 565 532 
434 527 455 571 496 542 512 539 
509 504 465 554 494 530 494 460 
489 460 466 477 510 475 477 485 
570 504 474 426 487 564 549 547 
502 490 514 435 507 431 496 540 
452 497 517 427 547 443 511 568 
491 435 549 569 553 575 431 451 
430 457 544 573 458 496 481 517 
450 448 459 448 511 476 509 481 
561 483 562 443 517 528 537 439 
505 532 433 428 465 566 431 470 
463 534 525 481 457 516 447 545 
496 492 496 490 439 565 478 445 
494 502 498 511 517 454 530 473 
455 535 503 493 489 571 506 449 
503 488 485 443 517 527 567 477 
466 522 503 550 526 556 426 469 
499 532 546 437 552 521 434 460 
446 462 557 568 524 430 443 569 
496 495 519 498 535 515 565 454 
477 499 454 533 563 431 442 566 
497 449 528 533 437 538 467 433 
514 472 532 468 504 508 512 559 
 
 
 
 / 
 
PERMZ 
566 574 431 474 514 537 569 463 
476 558 483 523 544 480 456 517 
553 513 464 470 466 498 470 529 
558 565 545 426 465 571 523 501 
504 455 536 555 516 476 510 458 
465 433 441 506 564 452 543 526 
484 557 573 438 429 552 451 451 
488 479 493 535 479 545 535 547 
437 460 522 436 474 564 553 487 
463 555 536 561 565 464 509 490 
506 432 441 550 471 555 548 432 
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529 502 570 472 549 519 527 553 
519 511 553 514 506 485 545 503 
444 469 551 467 475 456 503 470 
455 458 503 440 453 503 482 527 
465 529 575 429 457 481 541 544 
480 530 450 508 430 518 521 503 
459 565 538 513 468 510 517 504 
440 470 516 483 571 442 487 542 
524 523 463 528 553 436 471 475 
444 509 481 444 512 442 491 501 
561 479 488 532 455 459 496 505 
543 501 532 496 472 485 514 530 
469 444 531 451 511 492 497 507 
505 488 542 575 495 426 539 568 
483 428 465 455 546 448 475 467 
548 455 487 547 478 475 573 527 
449 546 552 469 563 470 574 495 
485 527 437 554 539 505 475 431 
509 429 470 561 493 517 493 442 
555 556 552 572 564 543 512 425 
444 548 443 574 507 536 467 472 
446 494 518 568 468 448 540 511 
463 561 509 504 558 463 494 442 
445 513 535 490 457 567 548 459 
534 472 462 542 495 470 464 544 
486 473 552 452 435 503 507 434 
453 429 446 574 453 427 531 440 
486 557 567 469 480 556 571 554 
494 477 474 467 537 503 511 458 
509 509 461 529 511 459 430 450 
428 568 543 562 428 549 537 483 
511 521 427 482 473 467 547 512 
510 483 490 541 538 566 432 448 
530 483 478 558 429 491 507 570 
471 519 526 465 446 520 546 557 
463 573 425 470 520 465 426 439 
505 518 436 473 467 462 564 556 
438 456 429 533 551 514 498 496 
472 574 472 502 515 535 521 539 
503 567 459 515 525 569 542 529 
439 569 432 465 463 467 511 454 
458 481 555 549 513 429 444 525 
493 537 452 475 447 525 517 492 
569 475 534 501 483 498 549 544 
530 550 527 427 432 559 511 427 
486 484 509 521 468 555 465 475 
443 562 539 560 471 499 527 426 
495 535 461 454 554 504 546 520 
534 429 481 443 466 432 432 533 
454 532 511 539 498 492 444 550 
444 496 485 438 485 546 435 504 
550 443 459 428 437 449 550 476 
547 458 510 555 437 541 518 430 
569 534 541 430 472 460 520 564 
558 517 483 458 454 537 524 429 
476 455 553 433 562 479 457 485 
436 478 566 486 540 572 522 518 
562 461 533 446 432 573 536 475 
545 573 450 452 436 488 513 470 
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509 468 438 570 481 471 510 523 
434 430 528 520 526 538 549 532 
574 544 561 573 500 529 491 492 
436 466 494 497 562 530 427 437 
538 453 482 532 473 543 526 443 
565 509 446 575 520 446 514 491 
457 555 432 462 451 485 542 427 
530 432 433 448 498 482 528 564 
569 551 537 501 451 532 501 432 
502 540 427 517 429 459 571 455 
547 442 438 485 474 540 563 534 
511 533 551 568 482 504 460 534 
460 488 441 473 540 443 525 477 
425 477 465 445 526 482 478 500 
433 530 568 564 472 487 570 517 
429 537 450 561 480 456 474 533 
552 485 491 528 563 499 481 536 
490 445 534 540 553 452 446 452 
437 562 506 537 500 530 473 456 
567 527 556 459 444 429 428 494 
427 526 485 523 532 533 537 534 
429 540 558 564 485 440 447 559 
529 544 572 497 563 464 575 494 
545 473 514 572 450 571 567 509 
496 425 473 476 482 475 515 467 
562 500 521 552 532 538 536 505 
449 477 488 508 571 441 510 497 
494 439 482 556 427 467 442 554 
521 449 571 562 474 568 466 534 
538 436 444 518 515 501 554 537 
487 486 527 460 538 425 499 435 
531 508 536 533 562 454 565 532 
434 527 455 571 496 542 512 539 
509 504 465 554 494 530 494 460 
489 460 466 477 510 475 477 485 
570 504 474 426 487 564 549 547 
502 490 514 435 507 431 496 540 
452 497 517 427 547 443 511 568 
491 435 549 569 553 575 431 451 
430 457 544 573 458 496 481 517 
450 448 459 448 511 476 509 481 
561 483 562 443 517 528 537 439 
505 532 433 428 465 566 431 470 
463 534 525 481 457 516 447 545 
496 492 496 490 439 565 478 445 
494 502 498 511 517 454 530 473 
455 535 503 493 489 571 506 449 
503 488 485 443 517 527 567 477 
466 522 503 550 526 556 426 469 
499 532 546 437 552 521 434 460 
446 462 557 568 524 430 443 569 
496 495 519 498 535 515 565 454 
477 499 454 533 563 431 442 566 
497 449 528 533 437 538 467 433 
514 472 532 468 504 508 512 559 
 
 
 
 /             
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BOX 
41 160 61 140 1  1 / 
 
PERMX 
9600*714 / 
PERMY 
9600*714 / 
PERMZ 
9600*714 /    
 
  -- initialize the model  
INIT  
  
-- Turn report writing back on  
ECHO  
  
EDIT 
 
MESSAGES 
9* 100000 / 
 
PROPS  
  
-- Relative permeability for water and oil,  
-- Pc is zero 
SWOF  
-- Sw Krw Krow Pcow  
  
0.2 0.0000 0.8000 0 
0.21 0.0001 0.7756 0 
0.22 0.0004 0.7515 0 
0.23 0.0009 0.7279 0 
0.24 0.0015 0.7046 0 
0.25 0.0024 0.6817 0 
0.26 0.0034 0.6591 0 
0.27 0.0046 0.6370 0 
0.28 0.0061 0.6152 0 
0.29 0.0077 0.5938 0 
0.3 0.0095 0.5728 0 
0.31 0.0115 0.5521 0 
0.32 0.0136 0.5319 0 
0.33 0.0160 0.5120 0 
0.34 0.0186 0.4925 0 
0.35 0.0213 0.4734 0 
0.36 0.0242 0.4546 0 
0.37 0.0274 0.4363 0 
0.38 0.0307 0.4183 0 
0.39 0.0342 0.4007 0 
0.4 0.0379 0.3834 0 
0.41 0.0418 0.3666 0 
0.42 0.0458 0.3501 0 
0.43 0.0501 0.3340 0 
0.44 0.0545 0.3183 0 
0.45 0.0592 0.3030 0 
0.46 0.0640 0.2880 0 
0.47 0.0690 0.2734 0 
0.48 0.0742 0.2592 0 
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0.49 0.0796 0.2454 0 
0.5 0.0852 0.2320 0 
0.51 0.0910 0.2189 0 
0.52 0.0969 0.2062 0 
0.53 0.1031 0.1939 0 
0.54 0.1094 0.1820 0 
0.55 0.1160 0.1704 0 
0.56 0.1227 0.1592 0 
0.57 0.1296 0.1484 0 
0.58 0.1367 0.1380 0 
0.59 0.1440 0.1280 0 
0.6 0.1515 0.1183 0 
0.61 0.1591 0.1091 0 
0.62 0.1670 0.1002 0 
0.63 0.1751 0.0916 0 
0.64 0.1833 0.0835 0 
0.65 0.1917 0.0757 0 
0.66 0.2003 0.0684 0 
0.67 0.2091 0.0613 0 
0.68 0.2181 0.0547 0 
0.69 0.2273 0.0485 0 
0.7 0.2367 0.0426 0 
0.71 0.2462 0.0371 0 
0.72 0.2560 0.0320 0 
0.73 0.2659 0.0273 0 
0.74 0.2761 0.0229 0 
0.75 0.2864 0.0189 0 
0.76 0.2969 0.0153 0 
0.77 0.3076 0.0121 0 
0.78 0.3185 0.0093 0 
0.79 0.3296 0.0068 0 
0.8 0.3408 0.0047 0 
0.81 0.3523 0.0030 0 
0.82 0.3639 0.0017 0 
0.83 0.3758 0.0008 0 
0.84 0.3878 0.0002 0 
0.85 0.4000 0.0000 0 /  
  
-- PVT properties for water.  
-- (Pref: Reference pressure for rest of data (psi)  
-- Bw: Volume formation factor for water  
-- Cw: Water compressibiblity  
-- ViscW: Water viscosity )  
PVTW  
-- Pref Bw Cw ViscW Viscosibility  
 4000 1.0 3.0E-6 0.6 0 /  
  
-- PVT properties for oil  
 
PVDO  
-- P Bo viscO  
14.7 1.001 9.6  
4000 1 9.6  
6000 .97 9.6 
8000 .95 9.6 / 
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-- Dead oil: Rs (Gas resolution factor) is constant  
RSCONST  
-- Rs Bubble-point-pressure  
 0.4 1000 /  
  
-- Specify constant rock compressibility.  
ROCK  
-- Pref Cr  
 4000 3.5D-6 /  
  
-- Fluid densities at surface conditions  
DENSITY  
-- Oil Water Gas  
 54.3 62.43 0.06054 /  
  
REGIONS 
 
EQUALS  
-- array value ix1 ix2 jy1 jy2 kz1 kz2  
FIPNUM 1 1 200 1 60 1 1 /  
FIPNUM 2 41 160 61 140 1 1 / 
FIPNUM 3 161 200 61 140 1 1 / 
FIPNUM 4 1 40 61 140 1 1 / 
FIPNUM 5 1 200 141 200 1 1 / 
/  
 
SOLUTION  
  
EQUIL  
-- DD = Datum depth @ mid of reservoir @ 1500m/4922 ft, the depth to which all reports will be referenced.  
-- assume OWC 500m below depth of reservoir (OWC at 2500m) 
-- DD Pressure@DD OWC Pcow(OWC)   
 10827.3 4000 14108.3 0.0 /  
 
RPTSOL  
 RESTART=2 FIP=2  SWAT SGAS SOIL PRESSURE  /   
  
SUMMARY   
 
-- Generate for report & graphs 
  
-- Well level 
WOPT 
'OP1' 
/  
WOPR 
'OP1' 
/ 
WLPR  
'OP1' 
/ 
WWPR 
'OP1' 
/ 
WBHP 
'OP1' 
'WI1' 
/ 
WTHP 
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'OP1' 
'WI1' 
/ 
 
WWIR 
'WI1' 
/ 
WWIT 
'WI1' 
/ 
 
WWCT 
'OP1' 
/ 
  
  
-- Field level  
FPR  
FOIP 
FWIP  
 
 
 
-- Reservoir level 
WVPR 
'OP1' 
/ 
WVIR  
'WI1'  
/  
 
--extra info 
ROFT 
1 2 / 
/ 
ROFR 
1 2 / 
/ 
 
ROFT 
2 5 / 
/ 
ROFR 
2 5 / 
/ 
 
RWFT 
1 2 / 
/ 
 
RWFR 
1 2 / 
/ 
 
--RWIR 
--1 2 / 
 
 
--RWIT 
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--1 2 / 
 
 
-- Region level 
ROIP 
1 2 3 4 5 / 
RWIP 
1 2 3 4 5/ 
 
 
 
EXCEL 
--RPTONLY 
RUNSUM 
 
--NOECHO 
  
SCHEDULE  
  
-- Specify output of graphics result files for cell data, and times which  
-- to write these. (Details to come later)  
--RPTRST  
-- BASIC=2 FREQ=1 /  
 
RPTRST 
BASIC=3 FREQ=1 'FIP' /  
 
TUNING 
/ 
/ 
2* 100/ 
  
-- Well specification: Give names, positions (i, j) and main phase of wells  
WELSPECS  
--wname group i j Z(bhp) prefPhase  
OP1 G1 1 200 1* OIL /  
WI1 G1 1 1 1* WATER / 
/  
-- (Note two slashes, one terminates each well, one terminates the keyword)  
  
-- Completion data, the well is open to the reservoir in cells in layers  
-- from k_hi to k_lo.  
COMPDAT  
--wname ic jc k_hi k_lo open/shut ... 
--check transmissibility factor. set to zero or 1? 
 
'OP1' 1 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 2 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 3 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 4 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 5 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 6 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 7 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 8 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 9 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 10 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 11 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 12 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 13 200 1 1 OPEN 2* 0.5 3* X 1* / 
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'OP1' 14 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 15 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 16 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 17 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 18 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 19 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 20 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 21 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 22 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 23 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 24 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 25 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 26 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 27 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 28 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 29 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 30 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 31 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 32 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 33 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 34 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 35 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 36 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 37 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 38 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 39 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 40 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 41 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 42 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 43 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 44 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 45 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 46 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 47 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 48 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 49 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 50 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 51 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 52 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 53 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 54 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 55 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 56 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 57 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 58 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 59 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 60 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 61 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 62 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 63 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 64 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 65 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 66 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 67 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 68 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 69 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 70 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 71 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 72 200 1 1 OPEN 2* 0.5 3* X 1* / 
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'OP1' 73 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 74 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 75 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 76 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 77 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 78 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 79 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 80 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 81 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 82 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 83 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 84 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 85 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 86 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 87 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 88 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 89 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 90 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 91 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 92 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 93 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 94 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 95 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 96 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 97 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 98 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 99 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 100 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 101 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 102 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 103 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 104 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 105 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 106 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 107 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 108 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 109 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 110 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 111 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 112 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 113 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 114 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 115 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 116 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 117 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 118 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 119 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 120 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 121 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 122 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 123 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 124 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 125 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 126 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 127 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 128 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 129 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 130 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 131 200 1 1 OPEN 2* 0.5 3* X 1* / 
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'OP1' 132 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 133 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 134 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 135 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 136 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 137 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 138 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 139 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 140 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 141 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 142 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 143 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 144 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 145 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 146 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 147 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 148 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 149 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 150 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 151 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 152 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 153 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 154 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 155 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 156 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 157 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 158 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 159 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 160 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 161 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 162 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 163 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 164 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 165 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 166 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 167 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 168 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 169 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 170 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 171 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 172 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 173 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 174 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 175 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 176 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 177 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 178 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 179 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 180 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 181 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 182 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 183 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 184 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 185 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 186 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 187 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 188 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 189 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 190 200 1 1 OPEN 2* 0.5 3* X 1* / 
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'OP1' 191 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 192 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 193 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 194 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 195 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 196 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 197 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 198 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 199 200 1 1 OPEN 2* 0.5 3* X 1* / 
'OP1' 200 200 1 1 OPEN 2* 0.5 3* X 1* / 
 
 
'WI1' 1 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 2 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 3 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 4 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 5 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 6 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 7 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 8 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 9 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 10 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 11 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 12 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 13 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 14 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 15 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 16 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 17 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 18 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 19 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 20 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 21 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 22 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 23 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 24 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 25 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 26 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 27 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 28 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 29 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 30 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 31 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 32 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 33 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 34 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 35 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 36 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 37 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 38 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 39 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 40 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 41 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 42 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 43 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 44 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 45 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 46 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 47 1 1 1 OPEN 2* 0.5 3* X 1* / 
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'WI1' 48 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 49 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 50 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 51 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 52 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 53 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 54 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 55 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 56 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 57 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 58 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 59 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 60 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 61 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 62 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 63 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 64 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 65 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 66 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 67 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 68 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 69 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 70 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 71 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 72 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 73 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 74 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 75 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 76 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 77 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 78 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 79 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 80 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 81 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 82 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 83 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 84 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 85 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 86 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 87 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 88 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 89 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 90 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 91 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 92 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 93 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 94 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 95 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 96 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 97 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 98 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 99 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 100 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 101 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 102 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 103 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 104 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 105 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 106 1 1 1 OPEN 2* 0.5 3* X 1* / 
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'WI1' 107 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 108 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 109 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 110 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 111 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 112 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 113 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 114 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 115 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 116 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 117 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 118 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 119 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 120 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 121 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 122 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 123 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 124 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 125 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 126 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 127 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 128 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 129 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 130 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 131 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 132 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 133 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 134 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 135 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 136 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 137 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 138 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 139 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 140 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 141 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 142 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 143 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 144 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 145 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 146 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 147 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 148 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 149 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 150 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 151 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 152 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 153 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 154 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 155 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 156 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 157 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 158 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 159 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 160 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 161 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 162 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 163 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 164 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 165 1 1 1 OPEN 2* 0.5 3* X 1* / 
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'WI1' 166 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 167 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 168 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 169 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 170 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 171 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 172 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 173 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 174 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 175 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 176 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 177 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 178 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 179 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 180 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 181 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 182 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 183 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 184 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 185 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 186 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 187 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 188 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 189 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 190 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 191 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 192 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 193 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 194 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 195 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 196 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 197 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 198 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 199 1 1 1 OPEN 2* 0.5 3* X 1* / 
'WI1' 200 1 1 1 OPEN 2* 0.5 3* X 1* / 
 
 /  
  
--oil rate control 
WCONPROD  
 
--wname open/shut ctrlmode 4*Default resv_rate  bhpmin   
  OP1  OPEN   RESV     4*       10221 1000 /  
/  
--orig well flowing press set at 1500 psia 
 
--WI rate control 
WCONINJE 
-- Wnm* InjTyp Open? CtrlMode Rate Resv_rate BHP THP 
WI1     WATER   OPEN   RESV    1*  10221     6500  1* / 
/ 
 
TSTEP 
479*30.5 / 
 
RPTSCHED 
'PRES' 'SOIL' 'SWAT' 'FIP=2' 'WELLS=1' 'SUMMARY=2'  
'CPU=2'  / 
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--RPTSCHED 
--'PRES' 'SOIL' 'SWAT' 'SGAS' 'RS' 'RV' 'FIP=2' 'PCOW' 'WELLS=1' 'VFPPROD=1' 'SUMMARY=2'  
--'CPU=2' 'WELSPECS' 'NEWTON=1' / 
 
END  
 
 
 
